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ABSTRACT 
 
Interfacial structure and transport dynamics of individual water and gases in nano-devices 
has been investigated extensively since anomalous molecular structures near the nanoscale 
surface can affect the slip behavior of transport in channels and the hydrophobic interaction of 
apolar objects in solutions. However, even though solvation of gases in water at atmospheric 
pressure is a common phenomenon and gases dissolved in water can significantly influence the 
molecular behavior of water, gas distribution in the channels or near surfaces in the presence of 
gas-water mixtures has not been understood in detail.  
Given the technological importance of gas-water mixtures, we investigate the equilibrium 
transport and interfacial structure of gas-water mixtures on nanoscale structure using molecular 
simulation. For nanoscale channels and surfaces, we use carbon nanotubes (CNTs) and graphene 
because the remarkably smooth structures of CNT and graphene make them promising materials 
for various applications relying on fast transport of water and gases. We first study about various 
gas-water mixtures, such as CO2-water, O2-water and H2-water mixtures, through CNTs by 
performing molecular dynamics simulations. For all the three CO2-water, O2-water and H2-water 
mixtures, we observed adsorption of gases into the CNTs. The gas molecules formed single-file 
chains in the (10,0) CNT and once the nanotube is filled with single-file gas chains they 
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prevented entry of water into the nanotube. The single-file diffusion of gas molecules in the 
nanotube in the case of gas-water mixtures is lower compared to the single-file diffusion of gases 
in gas-only simulations, except in the case of H2-only which does not form a single-file chain. 
These results suggest that under equilibrium conditions in the presence of gases, water molecules 
will be blocked from CNTs, and gases from gas-water mixtures will be selectively adsorbed by 
CNTs. 
Furthermore, to investigate the physical origin and quantitative understanding of gas 
enrichment near surfaces, we performed molecular dynamics simulations for gas-water mixtures 
near graphene surfaces with different surface parameters and develop a mechanistic 
understanding of gas enrichment by performing thermodynamic analysis. Although the gas-wall 
interaction is considered to be an important force giving rise to gas enrichment near surfaces, we 
show that the force exerted by water on the gas molecules, referred to as the solvent-induced one, 
can be quite significant in gas enrichment. The decomposition of the solvent-induced potential 
into its entropic and enthalpic components reveals that the entropic component near the surface is 
favorable to gas enrichment, whereas the enthalpic component is unfavorable. The significance 
of the solvent-induced potential on gas enrichment can depend on the type of the gas-water 
mixture and the surface.  
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Finally, based on investigation of gas-water mixtures near nanoscale structures, we 
developed the idea for new gas separation procedures using a liquid membrane model with 
porous graphene membranes and water. By introducing a water slab between a gas-mixture and 
the graphene membrane, we show that the gas-mixture can be separated. By considering various 
gas-mixtures we show that the separation ratio follows the water-solubility ratio of the gas 
molecules in the mixture. We also demonstrate the water-solubility-driven separation of gas-
mixtures using a carbon nanotube, but we show that the graphene membrane provides higher 
selectivity ratio because of its single-atom thickness. 
We also studied the CO2 separation of membrane contactor model using the porous 
graphene and an ionic liquid (IL) instead of water in order to enhance the selectivity. The 0.99 
nm diameter graphene pore and 4% reduction of the IL loading under 1bar pressure drives 
dramatic selectivity of CO2 separation. By calculating the density distribution, we showed that 
the 0.99 nm diameter graphene pore induces strong layering even near the pore, which is not 
observed in 2.22 nm diameter pore cases. This strong layering prevents O2 molecules from 
diffusing into the IL. It also decreases the flux of CO2 molecules passing through the pores but 
complete blocking does not happen to CO2 molecules. Void analysis for different pores and 
different IL loadings shows that O2 solvation needs enough size of void and CO2 need smaller 
size of void comparable to their molecular sizes. 0.99 nm graphene pore and 4% reduction of the 
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IL loading under 1bar pressure gives enough size void for CO2 and not enough for O2, which 
provides ideal condition to CO2 and O2 separation. 
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Chapter 1 Gas filtration into Carbon 
Nanotubes from gas-water mixtures 
	  
	  
 
	  
1.1 Introduction 
 
The transport of water and gases through carbon nanotubes (CNTs) has been investigated 
extensively[1-4]. The remarkably smooth structure of CNT makes it a promising material for 
various applications relying on fast transport of water and gases.[3, 5] Furthermore, CNTs, 
similar to activated carbons[6], can be absorbents of gases as gas can condense to high density in 
nanometer scale pores[7-10]. Even though the transport of various liquids and gases through 
carbon nanotubes have been investigated, the transport of gas-water mixtures has not received 
significant attention. Kotsalis et al.[11] considered nitrogen molecules dissolved in water to 
study the nanobubble effect on transport through (20,20) CNTs. It was shown that nitrogen from 
droplets on the carbon surface and this reduces the slip length. Given the technological 
importance of gas-water mix-tures, in this paper, we investigate the equilibrium transport of 
various gas–water mixtures, such as CO2-water, O2-water and H2-water mixtures, through CNTs. 
Our results indicate that the presence of gas molecules in water can significantly affect the 
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occupancy of water molecules in small diameter CNTs. In the presence of water molecules, gas 
molecules are selectively adsorbed into the interior of CNTs and the motion of single-file gas 
chains in the CNT is different from the motion of gas molecules in the CNT when only gas 
molecules are present.  
 
1.2 Methods 
To understand the spontaneous transport and molecular distribution of gas-water mixtures in 
CNT systems, we performed equilibrium molecular dynamics (MD) simulations with gas-water 
mixture reservoirs attached to the CNT. The forces arising from van der Waals and electrostatic 
interactions were considered in the simulations. For the van der Waals interactions between 
molecules, the 6-12 Lennard-Jones potential was used with a cut-off distance of 1.2 nm and the 
electrostatic interactions were computed using the Particle Mesh Ewald method with a grid 
spacing of 0.15 nm. Lennard-Jones parameters and point charges for the gas molecules (CO2, O2, 
and H2), CNT and graphene slab were taken from Refs. [12-15]. Water is modeled by using the 
SPC/E model[16]. Water-gas Lennard-Jones parameters were obtained by applying the Lorentz-
Berthelot mixing rules, σij=(σii+σjj)/2 and εij=(εiiεjj)0.5. Time integration is performed by using the 
leap-frog algorithm with a time step of 1.0 fs. The temperature of the system is maintained at 300 
K by using the Nosé-Hoover thermostat[17] with a time constant of 0.1 ps. The Parrinello-
Rahman scheme[18] with a time constant of 0.1 ps and compressibility of 4.5 × 10−5 bar−1 was 
employed to regulate the pressure of the system at 0.1 MPa. Simulations were performed using 
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GROMACS 3.3.1  [19]. 
A (10,0) single-walled CNT fixed in a grapheme slab was considered (see Figure 1.1(a)). The 
diameter of the CNT is 0.78 nm and the length is 2.06 nm. The ends of the CNT have zigzag 
structure and they are not functionalized.  The simulation box size was 3.834 × 3.935 × 9.1 nm3. 
Periodic boundary conditions were used in all the three directions. The reservoirs were initially 
filled with well-mixed and super-saturated gas-water mixture using a ratio of 1:100 (Nwt = 3200 
and Ngas=32). The concentration of water in the reservoir is 55 M at 0.1 MPa. 
 
1.3 Results and Discussion 
For the CO2-water mixture case, water molecules from the reservoir filled the empty (10,0) 
single-walled CNT within 100 ps. The first CO2 molecule entered the tube around 250 ps, and 
after that the passage of water molecules into the tube was blocked and more CO2 molecules 
entered the tube (see Figure 1.1(a)). Once the CO2 molecules completely filled the CNT (it took 
about 2.5 ns from the beginning of the simulation), the interior of the CNT is occupied by 
approximately 4.8 CO2 molecules forming a single-file chain and water molecules were blocked 
from entering the tube during the simulation time of 100 ns (see Figure 1.1(b) and Table 1.1). 
In all the three gas-water mixture cases, adsorption of gas molecules to the interior of the CNT 
was observed, even though the time it took for the gas molecules to completely fill the CNT 
varied according to the type of the gas and the initial configuration of the gas-water system. High 
gas concentration was also observed near the grapheme slab. The number of gas molecules in the 
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(10,0) CNT after equilibration were found to be 4.8 for CO2, 5.7 for O2 and 5.5 for H2 and they 
formed single-file configurations in the nanotube (see Table 1.1). For comparison purpose, we 
also simulated the gas-only cases without water, and we found that the average number of gas 
molecules in the CNT was 4.9 for CO2, 4.4 for O2 and 1.0 for H2. CO2 and O2 formed single-files 
in the nanotube, but H2 rarely fill the CNT and did not form a single-file configuration inside the 
nanotube. 
The selective adsorption of gases from gas-water mixtures by CNTs can be understood by 
calculating the potential of mean force[20] (PMF) along the z-axis. After averaging the force on 
the molecules at various z positions along the tube axis, the PMF was computed by integrating 
the mean force along the z-axis. The ends of the reservoirs were taken as the reference position 
where the PMF is zero. In order to compute the PMF of water, a water molecule, which rarely 
enters the CNT under equilibrium condition for gas-water mixture cases, was positioned at 
various locations inside the CNT along the tube axis and umbrella sampling was used.[21] 
Figures 1.2(a) and (b) show a comparison of the PMF of gas molecules and water. The energy 
barrier (defined as the difference in the PMF between the reservoir and inside the CNT) is -5.4 
kBT for CO2, -3.7 kBT for O2 and -3.1 kBT for H2. The energy barrier of water is 7.1 kBT in CO2-
water case, 8.8 kBT in O2-water case and 3.0 kBT in H2-water case. The negative values of PMF 
for gases show that all the gases have a strong preference to exist inside the CNT, while the 
water molecules prefer to stay in the reservoir compared to inside the CNT because of the 
positive energy barrier.  
The PMF of the gas molecules can be decomposed into gas-gas interactions (both van der Waals 
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and electrostatic interactions), gas-water interactions (both van der Waals and electrostatic 
interactions), gas-nanotube/graphene interactions also defined as gas-structure interactions (both 
van der Waals interaction only as the CNT and graphene slab does not have any electrostatic 
charge). Theses decompositions are shown in Figures 1.2(c), (d) and (e). The gas-structure 
interaction gives rise to an energy barrier of -11.5 kBT for CO2, -6.6 kBT for O2, and -1.4 kBT for 
H2, while gas-water energy barriers are -4.5 kBT CO2, -5.2 kBT for O2, and -5.0 kBT for H2. The 
gas-gas interactions give rise to an energy barrier of 10.6 kBT for CO2, 8.1 kBT for O2, and 3.3 
kBT for H2. These results indicate that the gas-structure and the gas-water interactions lead to 
physisorption of gases inside CNT. In the case of H2-water mixture, the magnitude of the gas-
water interaction is dominant on the PMF of H2 compared to the gas-structure interaction. This 
can explain the observation that H2 forms a single-file inside the CNT for H2-water mixture and 
not for H2 only case. 
To estimate the gas motions in the nanotube, we computed the long-time behavior of the mean-
squared displacement, which is given by single-file diffusion <Δx2>=2Ft0.5, where F denotes the 
mobility factor of the single-file chain and t is the time[22, 23]. F was calculated using  
 
As shown in Table 1.1, the values of F indicate that the diffusion of gases, CO2 and O2, in gas-
water mixture cases were decreased compared with the diffusion of gases in gas-only cases 
without water. In the case of H2, the diffusion changes from single-file diffusion in the case of 
gas-water mixture to single H2 molecule diffusion (no single-file chain was observed) in the gas-
F =
!"RCM#t$ − RCM#0$"2%
2t0.5.
As shown in Table I, the values of F indicate that the diffu-
sion of gases, CO2 nd O2, in ga –water mixture cases were
decreased compared with the diffusion of gases in gas–only
simulations without water. In the case of H2, the diffusion
changes from single-file diffusion in the case of gas–water
mixture to single H2 molecule diffusion #no single-file chain
was observed$ in the a –only case because of the decrease
in gas occupancy in the CNT. The reduction in diffusivity in
gas–water mixtures compared with the gas-only case indi-
cates that the presence of gas-water interactions near the en-
trance of the tube restricts the behavior of gas in the tube.
To further understand the adsorption behavior of gas
molecules inside CNTs in gas–water mixtures, we performed
MD simulations with an array of CNTs as shown in Figs.
3#a$ and 3#b$. Four #10,0$ CNTs are aligned in a graphene
slab and the nanotubes are connected to reservoirs as shown
in Fig. 3#a$. Figure 3#b$ shows another simulation of a hex-
agonal packed bundle of single-walled #10,0$ CNTs con-
nected to reservoirs. The reservoirs were filled with
CO2–water mixture #for CNTs aligned in a graphene slab
example$ and H2–water mixture #for hexagonal packed
CNTs$ in the ratio of 1:100. All the tubes were initially
empty, and within a few hundred picoseconds the tubes are
filled with water and after several nanoseconds of simulation
time, the water molecules in the tubes are expelled out by
CO2 and H2 molecules from the gas–water mixtures and all
the tubes were completely filled with gas molecules. These
simulations suggest potential applications of CNTs as gas
storage devices.
To conclude, we investigated the equilibrium transport
of gas–water mixtures in CNTs using MD simulations. For
t e three mixtures investigated #CO2–water, O2–water and
H2–water mixtures$, we observed adsorption of gases in the
CNTs. The gas molecules formed single-file chains and once
the nanotube is filled with single-file gas chains they pre-
vented entry of water into the nanotube. The single-file dif-
fusion of gas molecules in the nanotube in the case of gas–
water mixtures is lower compared to the single-file diffusion
of gases in gas–only simulations, except in the case of H2,
which does not form a single-file chain in the case of gas–
only case. The results presented in this paper suggest that
under equilibrium conditions in the presence of gases, water
molecules will be blocked from CNTs, and gases from gas–
water mixtures will be selectively adsorbed by CNTs.
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0120978, 0328162, 0810294, 0852657, and 0915718.
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FIG. 3. #Color online$ Snapshots f #a$ Four #10,0$ CNTs aligned in a
graphene slab for CO2–water mixture simulation at t=4.8 ns and #b$ Hex-
agonal packed bundle of #10,0$ CNTs connected to reservoir containing
H2–water mixture at t=9.0 ns.
133108-3 J. Lee and N. R. Aluru Appl. Phys. Lett. 96, 133108 !2010"
Downloaded 01 Apr 2010 to 130.126.121.152. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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only case because of the decrease in gas occupancy in the CNT. The reduction in diffusivity in 
gas-water mixtures compared with the gas-only case shows that the presence of gas-water 
interactions near the entrance of the tube restricts the behavior of gas in the tube. 
To further understand the adsorption behavior of gas molecules inside CNTs in gas-water 
mixtures, we performed MD simulations with an array of CNTs as shown in Figures 1.3(a) and 
(b). Four (10,0) CNTs are aligned in a graphene slab and the nanotubes are connected to 
reservoirs as shown in Figure 1.3(a). Figure 1.3(b) shows another simulation of a hexagonal 
packed bundle of single-walled (10,0) CNTs connected to reservoirs. The reservoirs were filled 
with CO2-water mixture (for CNTs aligned in a graphene slab case) and H20water mixture (for 
hexagonal packed CNTs) in the ratio of 1:100. All the tubes were initially empty, and within a 
few hundred picoseconds the tubes are filled with water and after several nanoseconds of 
simulation time, the water molecules in the tubes are expelled out by CO2 and H2 molecules from 
the gas-water mixtures and all the tubes were completely filled with gas molecules. These 
simulations suggest potential applications of CNTs as gas storage devices. 
 
 
1.4 Conclusions 
We investigated the equilibrium transport of gas-water mixtures in CNTs using MD simulations. 
For the three mixtures investigated (CO2-water, O2-water and H2-water mixtures), we observed 
adsorption of gases in the CNTs. The gas molecules formed single-file chains and once the 
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nanotube is filled with single-file gas chains they prevented entry of water into the nanotube. The 
single-file diffusion of gas molecules in the nanotube in the case of gas-water mixtures is lower 
compared to the single-file diffusion of gases in gas-only simulations, except in the case of H2, 
which does not form a single-file chain in the case of H2, which does not form a single-file chain 
in the case of gas-only case. The results presented in this paper suggest that under equilibrium 
conditions in the presence of gases, water molecules will be blocked from CNTs, and gas from 
gas-water mixtures will be selectively adsorbed by CNTs.  
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Separation of gases from gas–water mixtures using carbon nanotubes
Joonho Lee and N. R. Alurua!
Department of Mechanical Science and Engineering, Beckman Institute for Advanced Science
and Technology, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801, USA
!Received 10 December 2009; accepted 8 March 2010; published online 31 March 2010"
We investigate equilibrium transport of gas–water mixtures, such as CO2–water, O2–water and
H2–water mixtures, in carbon nanotubes using molecular dynamics simulations. Our results indicate
that gases are selectively physisorbed in carbon nanotubes forming single-file gas chains. Once the
single-file gas chains are formed, they prevent entry of water into the nanotube, suggesting that the
presence of gas molecules can significantly affect the equilibrium transport of water in carbon
nanotubes. The diffusion of single-file gas chains in nanotubes for gas–water mixtures is found to
be lower compared to the single-file diffusion of gases in gas–only cases. © 2010 American Institute
of Physics. #doi:10.1063/1.3374363$
The transport of water and gases through carbon nano-
tubes !CNTs" has been investigated extensively.1–4 The re-
markably smooth structure of CNT makes it a promising
material for various applications relying on fast transport of
water and gases.3,5 Furthermore, CNTs, similar to activated
carbons,6 can be adsorbents of gases as gas can condense to
high density in nanometer scale pores.7–10 Even though the
transport of various liquids and gases through CNTs has been
investigated, the transport of gas–water mixtures has not re-
ceived significant attention. Kotsalis et al.11 considered nitro-
gen molecules dissolved in water to study the nanobubble
effect on transport through !20,20" CNTs. It was shown that
nitrogen forms droplets on the carbon surface and this re-
duces the slip length. Kalra et al.12 studied transport of
methane–water mixture in CNTs. They have shown that
methane molecules are selectively transported through the
CNT. Given the technological importance of gas–water mix-
tures, in this paper, we investigate the equilibrium transport
of various gas–water mixtures, such as CO2–water, O2–water
and H2–water mixtures, through CNTs. Our results indicate
that the presence of gas molecules in water can significantly
affect the occupancy of water molecules in small diameter
CNTs. In the presence of water molecules, gas molecules are
selectively adsorbed into the interior of CNTs and the motion
of single-file gas chains in the CNT is different from the
motion of gas molecules in the CNT when only gas mol-
ecules are present.
To understand the spontaneous transport of gas–water
mixtures in CNT systems, we performed equilibrium mo-
lecular dynamics !MD" simulations with gas–water mixture
reservoirs attached to the CNT. The forces arising from van
der Waals and electrostatic interactions were considered in
the simulations. For the van der Waals interactions between
molecules, the 6–12 Lennard–Jones potential was used with
a cut-off distance of 1.2 nm and the electrostatic interactions
were computed using the Particle Mesh Ewald method with a
grid spacing of 0.15 nm. Lennard–Jones parameters and
point charges for the gas molecules !CO2, O2, and H2", CNT
and graphene slab were taken from Refs. 13–16. Water is
modeled by using the SPC/E model.17 Water–gas Lennard–
Jones parameters were obtained by applying the Lorentz–
Berthelot mixing rules, !ij = !!ii+! j j" /2 and "ij =%"ii" j j.
Time integration is performed by using the leap-frog algo-
rithm with a time step of 1.0 fs. The temperature of the
system is maintained at 300 K by using the Nosé–Hoover
thermostat18 with a time constant of 0.1 ps. The Parrinello–
Rahman scheme19 with a time constant of 0.1 ps and com-
pressibility of 4.5#10−5 bar−1 was employed to regulate the
pressure of the system at 0.1 MPa. Simulations were per-
formed using GROMACS 3.3.1.20
A !10,0" single-walled CNT fixed in a graphene slab was
considered #see Fig. 1!a"$. The diameter of the CNT is 0.78
nm and the length is 2.06 nm. The ends of the CNT have
a"Author to whom correspondence should be addressed. Electronic mail:
aluru@illinois.edu.
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FIG. 1. !Color online" !a" Snapshot of the system and the number of gas and
water molecules in the CNT for CO2–water mixture as a function of time.
!b" Number of gas and water molecules in the CNT for CO2–water mixture.
!c" Number of gas and water molecules in the CNT for H2–water mixture.
!d" Number of gas molecules in the CNT for H2–only simulation !no water
molecules".
APPLIED PHYSICS LETTERS 96, 133108 !2010"
0003-6951/2010/96"13!/133108/3/$30.00 © 2010 American Institute of Physics96, 133108-1
Downloaded 01 Apr 2010 to 130.126.121.152. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
FIGURE 1.1. (a) Snapshot of the system and the number of gas and water molecules in the CNT for 
CO2-water mixture as a function of time (b) Number of gas and water molecules in the CNT for CO2-
water mixture (c) Number of gas and water molecules in the CNT for H2-water mixture (d) Number of 
gas molecules in the CNT for H2 only simulation (no water molecules). 
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zigzag structure and the ends are not functionalized. The
simulation box size was 3.834!3.935!9.1 nm3. Periodic
boundary conditions were used in all the three directions.
The reservoirs were initially filled with well-mixed and
supersaturated gas–water mixture using a ratio of 1:100
!Nwt=3200 and Ngas=32". The concentration of water in the
reservoir is 55 M at 0.1 MPa. For the CO2–water mixture
case, water molecules from the reservoir filled the empty
!10,0" single-walled CNT within 100 ps. The first CO2 mol-
ecule entered the tube around 250 ps, and after that the pas-
sage of water molecules into the tube was blocked and more
CO2 molecules entered the tube #see Fig. 1!a"$. Once the
CO2 molecules completely filled the CNT !it took about
2.5 ns from the beginning of the simulation", the interior of
the CNT is occupied by approximately 4.8 CO2 molecules
forming a single-file chain and water molecules were
blocked from entering the tube during the simulation time of
100 ns #see Fig. 1!b" and Table I$. In all the three gas–water
mixture cases, adsorption of gas molecules to the interior of
the CNT was observed, even though the time it took for the
gas molecules to completely fill the CNT varied according to
the type of the gas and the initial configuration of the gas–
water system. High gas concentration was also observed near
the graphene slab. The number of gas molecules in the !10,0"
CNT after equilibration were found to be 4.8 for CO2, 5.7 for
O2, and 5.5 for H2 and they formed single-file configurations
in the nanotube !see Table I". For comparison purpose, we
also simulated the gas-only cases without water, and we
found that the average number of gas molecules in the CNT
was 4.9 for CO2, 4.4 for O2, and 1.0 for H2. CO2 and O2
formed single-files in the nanotube, but, H2 rarely filled the
CNT and did not form a single-file configuration inside the
nanotube.
The selective adsorption of gases from gas–water mix-
tures by CNTs can be understood by calculating the potential
of mean force21 !PMF" along the z-axis. After averaging the
force on the molecules at various z positions along the tube
axis, the PMF was computed by integrating the mean force
along the z-axis. The ends of the reservoirs were taken as the
reference position where the PMF is zero. In order to com-
pute the PMF of water, a water molecule, which rarely enters
the CNT under equilibrium condition for gas–water mixture
cases, was positioned at various locations inside the CNT
along the tube axis and umbrella sampling was used.22 Fig-
ures 2!a" and 2!b" show a comparison of the PMF of gas
molecules and water. The energy barrier !defined as the dif-
ference in the PMF between the reservoir and inside the
CNT" for CO2 is −5.4 kBT, −3.7 kBT for O2 and −3.1 kBT
for H2. The energy barrier for water is 7.1 kBT in
CO2–water case, 8.8 kBT in O2–water case and 3.0 kBT in
H2–water case. The negative values of PMF for gases indi-
cate that all the gases have a strong preference to exist inside
the CNT, while the water molecules prefer to stay in the
reservoir compared to inside the CNT because of the positive
energy barrier.
The PMF of the gas molecules can be decomposed into
gas-gas interactions !both van der Waals and electrostatic
interactions", gas-water interactions !both van der Waals and
electrostatic interactions" and gas-nanotube/graphene interac-
tions also defined as gas-structure interactions !van der
Waals interactions only as the CNT and graphene slab does
not have any charge". These decompositions are shown in
Figs. 2!c"–2!e". The gas-structure interaction gives rise to an
energy barrier of −11.5 kBT for CO2, −6.6 kBT for O2, and
−1.4 kBT for H2, while the gas-water energy barriers are
−4.5 kBT for CO2, −5.2 kBT for O2, and −5.0 kBT for H2.
The gas-gas interactions give rise to an energy barrier of
10.6 kBT for CO2, 8.1 kBT for O2, and 3.3 kBT for H2.
These results indicate that the gas-structure and the gas-water
interactions lead to physisorption of gases inside CNT. In the
case of H2–water mixture, the magnitude of the gas-water
interaction is dominant on the PMF of H2 compared to the
gas-structure interaction. This can explain the observation
that H2 forms a single-file inside the CNT for H2–water mix-
ture and not for H2–only case.
To estimate the gas motions in the nanotube, we com-
puted the long-time behavior of the mean-squared displace-
ment, which is given by single-file diffusion %"x2&=2Ft0.5,
where F denotes the mobility factor of the single-file chain
and t is the time.23,24 F was calculated using
TABLE I. Occupancy and diffusion of gases, %"x2&=2Ft#, for various gas–
water mixtures and gas–only cases.
#
F!using #=0.5"
!!10−12 m2 s−0.5"
Number of
gas molecules in the CNT
CO2–water 0.51 0.0021 4.8
CO2 only 0.51 0.0073 4.9
O2–water 0.50 0.0026 5.7
O2 only 0.52 0.0119 4.4
H2–water 0.51 0.0034 5.5
H2 only ¯ ¯ 1.0 -6
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3
6
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O2
H2
z (nm)
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4
8
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FIG. 2. !Color online" PMF profile along the tube axis !a" PMF of CO2, O2,
and H2 in gas–water mixtures and !b" PMF of water in various gas–water
mixtures. #!c"–!e"$ Decomposition of PMF of gases CO2, O2, and H2 to
gas-water, gas-structure, and gas-gas interactions in gas–water mixture
cases.
133108-2 J. Lee and N. R. Aluru Appl. Phys. Lett. 96, 133108 !2010"
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FIGURE 1. . PMF profile along the tube axis (a) PMF of CO2, O2 and H2 in gas-water mixtures 
and (b) PMF of water in various gas-water mixtures. (c), (d), (e)  Decomposition of PMF of gases 
CO2, O2 and H2 to gas-water, gas-structure and gas-gas interactions i  gas-water mixture cases. 
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F =
!"RCM#t$ − RCM#0$"2%
2t0.5.
As shown in Table I, the values of F indicate that the diffu-
sion of gases, CO2 and O2, in gas–water mixture cases were
decreased compared with the diffusion of gases in gas–only
simulations without water. In the case of H2, the diffusion
changes from single-file diffusion in the case of gas–water
mixture to single H2 molecule diffusion #no single-file chain
was observed$ in the gas–only case because of the decrease
in gas occupancy in the CNT. The reduction in diffusivity in
gas–water mixtures compared with the gas-only case indi-
cates that the presence of gas-water interactions near the en-
trance of the tube restricts the behavior of gas in the tube.
To further understand the adsorption behavior of gas
molecules inside CNTs in gas–water mixtures, we performed
MD simulations with an array of CNTs as shown in Figs.
3#a$ and 3#b$. Four #10,0$ CNTs are aligned in a graphene
slab and the nanotubes are connected to reservoirs as shown
in Fig. 3#a$. Figure 3#b$ shows another simulation of a hex-
agonal packed bundle of single-walled #10,0$ CNTs con-
nected to reservoirs. The reservoirs were filled with
CO2–water mixture #for CNTs aligned in a graphene slab
example$ and H2–water mixture #for hexagonal packed
CNTs$ in the ratio of 1:100. All the tubes were initially
empty, and within a few hundred picoseconds the tubes are
filled with water and after several nanoseconds of simulation
time, the water molecules in the tubes are expelled out by
CO2 and H2 molecules from the gas–water mixtures and all
the tubes were completely filled with gas molecules. These
simulations suggest potential applications of CNTs as gas
storage devices.
To conclude, we investigated the equilibrium transport
of gas–water mixtures in CNTs using MD simulations. For
the three mixtures investigated #CO2–water, O2–water and
H2–water mixtures$, we observed adsorption of gases in the
CNTs. The gas molecules formed single-file chains and once
the nanotube is filled with single-file gas chains they pre-
vented entry of water into the nanotube. The single-file dif-
fusion of gas molecules in the nanotube in the case of gas–
water mixtures is lower compared to the single-file diffusion
of gases in gas–only simulations, except in the case of H2,
which does not form a single-file chain in the case of gas–
only case. The results presented in this paper suggest that
under equilibrium conditions in the presence of gases, water
molecules will be blocked from CNTs, and gases from gas–
water mixtures will be selectively adsorbed by CNTs.
This research was supported by NSF under Grant Nos.
0120978, 0328162, 0810294, 0852657, and 0915718.
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FIG. 3. #Color online$ Snapshots of #a$ Four #10,0$ CNTs aligned in a
graphene slab for CO2–water mixture simulation at t=4.8 ns and #b$ Hex-
agonal packed bundle of #10,0$ CNTs connected to reservoir containing
H2–water mixture at t=9.0 ns.
133108-3 J. Lee and N. R. Aluru Appl. Phys. Lett. 96, 133108 !2010"
Downloaded 01 Apr 2010 to 130.126.121.152. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
FIGURE 1.3. ︎  Snapshots of (a) Four (10,0) CNTs aligned in a graphene slab for CO2-water 
mixture simulation at t=4.8 ns and (b) Hexagonal packed bundle of (10,0) CNTs connected to 
reservoir containing H2-water mixture at t=9.0 ns.  
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zigzag structure and the ends are not functionalized. The
simulation box size was 3.834!3.935!9.1 nm3. Periodic
boundary conditions were used in all the three directions.
The reservoirs were initially filled with well-mixed and
supersaturated gas–water mixture using a ratio of 1:100
!Nwt=3200 and Ngas=32". The concentration of water in the
reservoir is 55 M at 0.1 MPa. For the CO2–water mixture
case, water molecules from the reservoir filled the empty
!10,0" single-walled CNT within 100 ps. The first CO2 mol-
ecule entered the tube around 250 ps, and after that the pas-
sage of water molecules into the tube was blocked and more
CO2 molecules entered the tube #see Fig. 1!a"$. Once the
CO2 molecules completely filled the CNT !it took about
2.5 ns from the beginning of the simulation", the interior of
the CNT is occupied by approximately 4.8 CO2 molecules
forming a single-file chain and water molecules were
blocked from entering the tube during the simulation time of
100 ns #see Fig. 1!b" and Table I$. In all the three gas–water
mixture cases, adsorption of gas molecules to the interior of
the CNT was observed, even though the time it took for the
gas molecules to completely fill the CNT varied according to
the type of the gas and the initial configuration of the gas–
water system. High gas concentration was also observed near
the graphene slab. The number of gas molecules in the !10,0"
CNT after equilibration were found to be 4.8 for CO2, 5.7 for
O2, and 5.5 for H2 and they formed single-file configurations
in the nanotube !see Table I". For comparison purpose, we
also simulated the gas-only cases without water, and we
found that the average number of gas molecules in the CNT
was 4.9 for CO2, 4.4 for O2, and 1.0 for H2. CO2 and O2
formed single-files in the nanotube, but, H2 rarely filled the
CNT and did not form a single-file configuration inside the
nanotube.
The selective adsorption of gases from gas–water mix-
tures by CNTs can be understood by calculating the potential
of mean force21 !PMF" along the z-axis. After averaging the
force on the molecules at various z positions along the tube
axis, the PMF was computed by integrating the mean force
along the z-axis. The ends of the reservoirs were taken as the
reference position where the PMF is zero. In order to com-
pute the PMF of water, a water molecule, which rarely enters
the CNT under equilibrium condition for gas–water mixture
cases, was positioned at various locations inside the CNT
along the tube axis and umbrella sampling was used.22 Fig-
ures 2!a" and 2!b" show a comparison of the PMF of gas
molecules and water. The energy barrier !defined as the dif-
ference in the PMF between the reservoir and inside the
CNT" for CO2 is −5.4 kBT, −3.7 kBT for O2 and −3.1 kBT
for H2. The energy barrier for water is 7.1 kBT in
CO2–water case, 8.8 kBT in O2–water case and 3.0 kBT in
H2–water case. The negative values of PMF for gases indi-
cate that all the gases have a strong preference to exist inside
the CNT, while the water molecules prefer to stay in the
reservoir compared to inside the CNT because of the positive
energy barrier.
The PMF of the gas molecules can be decomposed into
gas-gas interactions !both van der Waals and electrostatic
interactions", gas-water interactions !both van der Waals and
electrostatic interactions" and gas-nanotube/graphene interac-
tions also defined as gas-structure interactions !van der
Waals interactions only as the CNT and graphene slab does
not have any charge". These decompositions are shown in
Figs. 2!c"–2!e". The gas-structure interaction gives rise to an
energy barrier of −11.5 kBT for CO2, −6.6 kBT for O2, and
−1.4 kBT for H2, while the gas-water energy barriers are
−4.5 kBT for CO2, −5.2 kBT for O2, and −5.0 kBT for H2.
The gas-gas interactions give rise to an energy barrier of
10.6 kBT for CO2, 8.1 kBT for O2, and 3.3 kBT for H2.
These results indicate that the gas-structure and the gas-water
interactions lead to physisorption of gases inside CNT. In the
case of H2–water mixture, the magnitude of the gas-water
interaction is dominant on the PMF of H2 compared to the
gas-structure interaction. This can explain the observation
that H2 forms a single-file inside the CNT for H2–water mix-
ture and not for H2–only case.
To estimate the gas motions in the nanotube, we com-
puted the long-time behavior of the mean-squared displace-
ment, which is given by single-file diffusion %"x2&=2Ft0.5,
where F denotes the mobility factor of the single-file chain
and t is the time.23,24 F was calculated using
TABLE I. Occupancy and diffusion of gases, %"x2&=2Ft#, for various gas–
water mixtures and gas–only cases.
#
F!using #=0.5"
!!10−12 m2 s−0.5"
Number of
gas molecules in the CNT
CO2–water 0.51 0.0021 4.8
CO2 only 0.51 0.0073 4.9
O2–water 0.50 0.0026 5.7
O2 only 0.52 0.0119 4.4
H2–water 0.51 0.0034 5.5
H2 only ¯ ¯ 1.0 -6
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FIG. 2. !Color online" PMF profile along the tube axis !a" PMF of CO2, O2,
and H2 in gas–water mixtures and !b" PMF of water in various gas–water
mixtures. #!c"–!e"$ Decomposition of PMF of gases CO2, O2, and H2 to
gas-water, gas-structure, and gas-gas interactions in gas–water mixture
cases.
133108-2 J. Lee and N. R. Aluru Appl. Phys. Lett. 96, 133108 !2010"
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TABLE 1.1 Occupancy and diffusion of gases, <Δx2>=2Ftα, for various gas-water mixtures and 
gas-only cases.	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Chapter 2 Gas enrichment near flat surfaces 
in gas-water mixtures  
	  
	  
 
 
2.1 Introduction 
The interfacial structure of water near flat surfaces is an important problem as it can influence 
the physical and chemical phenomena in solutions. The presence of depletion layers and 
nanobubbles of water near extended hydrophobic surfaces has been studied for a long time[24-
27]. Anomalous water structures near the surface can affect the hydrophobic interaction of apolar 
objects in solutions[28] and the slip behavior of water transport in hydrophobic channels[29]. 
Since solvation of gases in water at atmospheric pressure is a common phenomenon, it is 
important to consider the effects of the gases dissolved in water. For example, significant 
differences have been obtained between the presence and absence of dissolved gases in the 
strength and range of hydrophobic interaction[30-32]. Similarly, gas molecules forming droplets 
in (20,20) CNTs reduce the slip length of water transport[11]. On the other hand, in narrower 
tubes, such as in a (10,0) CNT, selectively adsorbed gas molecules from gas-water mixtures 
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block water transport through the tube as reported in the previous chapter[33, 34]. Even though 
gases dissolved in water can significantly influence the nanoscale behavior, gas distribution near 
an extended surface in the presence of gas-water mixtures has not been understood in great 
detail. 
Gas enrichment (high gas concentration) has been observed in various simulations near the 
hydrophobic surface[12, 35-37]. Dammer and Lohse[36] performed molecular dynamics 
simulations to understand gas concentration near the wall for gas-water mixtures. They used 
Lennard-Jones (L-J) particles to mimic water and gas molecules. The hydrophobicity of the 
surface was controlled by changing the L-J parameter ε between water and wall. They showed 
that the gas concentration near the wall depended on the hydrophobicity of the wall. Luzar and 
Bratko[37] reported that when they used the more accurate models for water and gas instead of 
L-J particles the dependency of the gas concentration on the hydrophobicity of the walls was not 
significant. Moreover, the physical origin and quantitative understanding of gas enrichment near 
a solid surface is not well-understood. To investigate these issues, we perform molecular 
dynamics simulations for different surfaces and develop a mechanistic understanding of gas 
enrichment by calculating the potential of mean force (PMF) and performing thermodynamic 
analysis. 
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2.2 Methods 
We performed molecular dynamics simulations of gas-water mixtures near the surfaces with 
different interaction parameters to understand the enrichment of gas concentration near different 
surfaces. We consider different gas-water mixtures in order to understand the relative importance 
of various driving forces on gas enrichment. The simulations for CO2-water and H2-water 
mixtures are performed separately. The number ratio of water and gas molecules is 100:1 for all 
mixtures and surfaces considered. The number of the water molecules is Nwt= 3000, and the 
number of the gas molecules is Ngas = 30. We excluded the chemical reaction between CO2 and 
water as a very small amount of the dissolved CO2 reacts with water, and thus, this effect can be 
negligible[12, 38]. For water, SPC/E water model is used[16]. The L-J parameters and 
electrostatic partial charges for the gas molecules (CO2 and H2) were taken from Refs [37] and 
[14]. We estimated the solubility of CO2 and H2 models by the method discussed in Ref [39], 
where a slab of liquid water (using SPC/E water model) is separated by vapor regions at 300 K. 
The solubility of CO2 and H2 in water using the models presented in this chapter and their 
comparison to experimental data at 300 K is shown in Table 2.1. The graphene surface is 
positioned in the middle of the system, and the force-field parameters of the carbon atom are 
taken from Ref [15]. These parameters are listed in Table 2.2. Because the graphene structure is 
a smooth hexagonal plane without molecular level roughness, we can exclude the effects of wall 
properties caused by the configuration or roughness of the wall. A snapshot of the CO2-water 
mixture near the graphene surface is shown in Figure 2.1. Two other surfaces are also considered 
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for which the L-J parameter ε is taken to be 0.1 and 10 times of the graphene ε and the structure 
is the same as that of the graphene. The L-J parameters between different molecules were 
obtained by applying the Lorentz-Berthelot mixing rules, σij = (σii + σjj)/2 and εij = (εiiεjj)1/2. A 
cut-off distance of 1.2 nm is used for the L-J potential. Electrostatic interactions were computed 
by using the particle mesh Ewald method with a grid spacing of 0.15 nm. Periodic boundary 
conditions are applied in all three directions. Time integration was performed by using the leap-
frog algorithm with a time step of 1.0 fs. The temperature of the system is controlled by Nosé-
Hoover thermostat with the characteristic time of 0.1 ps[17]. The hydrostatic pressure of the 
system is maintained at 0.1 MPa for each case by using the Parrinello-Rahman scheme applied to 
the z direction with a time constant of 0.1 ps and compressibility of 4.5 × 10-5 bar-1 [18]. In order 
to obtain enough statistics, we performed simulation for about 50 ns in each case. The average 
volume of the system is slightly different for each gas-water mixture. Both H2-water and CO2-
water systems are supersaturated with gas at 0.1 MPa pressure and 300 K. Since the 
supersaturated condition has considerable stability, the system is maintained in a single phase. 
Simulations were performed using GROMACS 3.3.1 [19]. 
It is important to note that, among the many properties of the surfaces, hydrophobicity has been 
regarded as an important property for gas enrichment near the surface. However, controlling the 
hydrophobicity of surfaces is not trivial as it is usually a combined effect of the surface 
roughness, the charge distribution on the surface, etc. In this chapter, we tried to exclude the 
diverse properties of the surface and focus on how the gas enrichment changes as the wall 
property changes. To consider realistic systems, we used the graphene surface and changed the 
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property of the wall by varying the van der Waals parameters. Graphene is a monolayer of 
graphite, and we assumed that it is flat without corrugations[40]. Varying the van der Waals 
interaction parameters of the wall influences the gas-wall interaction and the water-wall 
interaction. By considering both effects, we analyze the effect of the change in the wall property 
on the gas concentration near the surface. 
Before investigating the enrichment of gases near the surface via thermodynamic analysis, we 
need to evaluate the excess free energy of the gases, CO2 and H2, in bulk water at 300 K to check 
solvation free energy in bulk water. These bulk values will be used to compare the values near 
the surface. We performed simulations of 895 water molecules at 285, 300, and 315 K with 
pressure of 0.1 MPa and used each configuration to calculate the excess potential by the Widom 
insertion method[41]. In the Widom insertion method, after generating the random position of a 
virtual gas molecule in each configuration of water box, we compute exp(-βΔU), where ΔU is 
the potential energy difference between the systems before and after adding a virtual gas 
molecule, ΔU=U(Nwt+Ngas) –U(Nwt), when Ngas=1. 
The excess chemical potential is an average over configurations defined as  
∆𝜇!" = −𝑘𝑇 ln 𝑉 𝑑𝑠!!!𝑒𝑥𝑝 −𝛽∆𝑈𝑉  
where k is the Boltzmann constant, T is the temperature of system, β = 1/kT, V is the volume of 
the system, and the brackets <…> indicate isothermal-isobaric averaging over the configurations. 
To thermodynamically quantify this potential energy, we evaluated the entropic, -TΔsex, and 
enthalpic, Δhex = Δµex+TΔsex, components by using the finite difference method 
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−∆𝑠!" ∶= ∆𝜇!" 𝑇 + ∆𝑇 − ∆𝜇!" 𝑇 − ∆𝑇2∆𝑇  
based on the relationship (∂µ/∂T)P = - Δs and the chemical potentials at 285, 300, and 315 K. 
Table 2.3 shows that the excess free energy of CO2 in negative and the excess free energy of H2 
is positive (CO2 is more soluble than H2). These values are reasonable when compared to the 
data in Refs [39] and [42]. The calculation reveals that the entropic component of the excess 
potential is unfavorable to gas solvation in water[28]. The positive entropic component 
represents the reduction of entropy of water at 300 K because an inserted gas molecule occupies 
a certain volume in water. The enthalpic component of the excess chemical potential of CO2 is 
negative. The negative enthalpic component of the free energy can be regarded as the attraction 
between a gas molecule and water molecules, which acts as the favorable factor for gas 
solvation. On the other hand, the enthalpic component of H2 is positive but, it is small enough to 
be not too unfavorable. Based on these characteristics, we analyze the difference of 
thermodynamic components near the surface. 
 
 
2.3 Results and Discussion 
The gas and water concentrations as a function of distance from the graphene surface for CO2-
water and H2-water mixtures are shown in Figure 2.2, panels a and b. In both cases, gas 
enrichment near the graphene surface is observed. The peak CO2 concentration near the graphene 
is much bigger than that of H2 concentration (see Figure 2.2(a)) and the position of the peak of 
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H2 concentration (z = 0.31 nm) is slightly closer to the wall than that of the CO2 concentration (z 
= 0.33 nm). The magnitude of the first peak of water concentration in the CO2-water mixture 
case is slightly smaller than that in the H2-water mixture case (see Figure 2.2(b)). This reduction 
of the first peak of the water concentration in CO2-water case is caused by the high concentration 
of CO2 near the graphene surface. Since the number of gas molecules is 1/100 of the number of 
water molecules, the overall distribution of water is not significantly altered by the distribution 
of the gas. 
Both water and gas have a high concentration peak near the graphene surface. However, the 
magnitude of the gas concentration near the graphene surface normalized by its bulk 
concentration is higher than that of water in both CO2-water and H2-water mixtures. This can be 
estimated by the free energy difference of the gas and water as a function of the distance from 
the graphene surface. Potential of mean force ΔPMFtotal(z) is calculated by integrating the mean 
force profiles along the z axis and the ends of both sides of the system are set as the reference 
position where the ΔPMFtotal(z) is zero (see Figure 2.2, panels (c) and (d)). The force profile is 
obtained by averaging the force on the molecules at various z positions along the direction 
orthogonal to the wall[20]. Corresponding to the density distributions of water and gases, 
ΔPMFtotal(z) shows the lower free energy of CO2 over water near the graphene surface. In the 
case of H2-water, ΔPMFtotal(z) of H2 is slightly lower than that of water at their minimum 
positions, even though ΔPMFtotal(z) of H2 is higher than that of water in the region from z = 0.4 
nm to 0.8 nm as shown in Figure 2.2(d). Considering the competition between water and gas 
near the surface, the free energy of gases at the first peak near the surface is lower than the free 
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energy of water. 
The contribution of water to the free energy change of gases, which we denote as the solvent-
induced potential Δw(z) [43-45], is obtained by subtracting the gas-gas PMF and the gas-wall 
PMF from the total PMF of gas as Δw(z) = ΔPMFtotal(z) – ΔPMFgas-wall(z) – ΔPMFgas-gas(z) (see 
Figure 2.3, panels (a)-(d)). The various components at the minimum positions of the total PMF 
profile (the most stable position of the gas from the surface, z = 0.33nm for CO2 and z = 0.31 nm 
for H2) are shown in Table 2.4. The gas-wall interaction energy of CO2 is about four times 
stronger than that of H2. Compared to the difference between the gas-wall potentials for CO2 and 
H2, the difference in the solvent-induced potentials on gas for CO2 and H2 cases is small. In the 
case of CO2, the strong gas-wall interaction contributed primarily to the stabilization of the 
contact configuration compared to the solvent-induced component. In the case of H2, the gas-
wall interaction of H2 is smaller compared to that of CO2. Therefore, the solvent-induced 
potential becomes comparable to the gas-wall interaction and makes the total PMF of H2 lower 
than the total PMF of water near the graphene. 
To understand the Δw(z) profiles further, we analyzed Δw(z), as shown in Figure 2.4(a), by 
dividing the region near the surface into regions 1 and 2. Region 1 is within the water monolayer 
distance from the graphene surface, and the rest of the region is identified as region 2. The 
solvent-induced potential decreases rapidly as the gas molecule approaches the wall in region 1 
and the unfavorable barriers to gas enrichment are found in region 2. We decomposed the 
solvent-induced potential at 300 K to entropic –TΔS(z) and enthalpic ΔH(z) components and 
estimated them in both regions. The entropic and enthalpic components are computed, analogous 
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to the excess chemical potential, by using the finite difference method and Δw(z) profiles at 285, 
300, and 315 K. Figure 2.4(b) shows the entropic and enthalpic components of the solvent-
induced potential on H2 for the H2-water mixture. Since the solvent-induced potential Δw(z) 
follows the change of the enthalpic component of Δw(z) in region 2, the enthalpic component is 
dominant over the entropic component in this region. The enthalpic component of the solvent-
induced potential is primarily due to the direct interaction with water. The strong layering of 
water near the graphene surface causes the enthalpic component to increase, and this forms the 
unfavorable potential barrier for gas enrichment near the surface. As the gas approaches closer to 
the graphene surface and is within region 1, the entropic component becomes dominant and this 
makes Δw(z) negative. The enthalpic and entropic contribution of Δw(z) at the minima of the 
total PMF indicates that the entropic component of Δw(z) contributes to high concentration of 
gas near the wall in region 1 (see Table 2.4). This explanation for enrichment of H2 near the 
graphene surface is also applicable to the enrichment of CO2 in the CO2-water case. 
Since the dissolved gas and its enrichment near the surface can affect the water structure near the 
surface (e.g., formation of depletion layer, bubbles, etc. [27, 31]), we also investigated the effect 
of gas on the water distribution near the surface. To investigate the free energy change of water 
by gas enrichment near the graphene surface, we calculate the contribution of gas to the PMF of 
water as shown in Figure 2.5. Since the number of gas molecules is small (1/100 of that of water 
molecules), the effect of gas on the PMF of water is small compared to the total PMF of water. 
The PMF calculation shows that the free energy change of water is affected (even though it is 
small) by gas concentration near the graphene surface. The contribution of gas to water PMF 
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increases with the concentration of gas near the surface. 
To understand how the gas enrichment changes with the property of the surface, we next 
considered a fictitious wall with the L-J parameter, εfict, to be 0.1 times of that of graphene, εgrap 
(εfict = 0.1εgrap) and the structure is the same as that of the graphene. Since the L-J interactions 
between different molecules are based on the Lorentz-Berthelot mixing rules in this paper, 
decreasing the value of ε of the wall parameter makes the water-wall and the gas-wall 
interactions weaker at the same time. The simulations were performed using these modified 
parameters, and all other simulation details are identical as described above for the graphene 
case. Gas enrichment is observed near the fictitious wall as shown in Figure 2.6(a). Although the 
concentration of CO2 near the graphene is higher than that of H2 near the graphene, the 
concentration of H2 is higher than that of CO2 near the fictitious wall with concentration peaks 
located at z = 0.34 nm for CO2 and z = 0.30 nm for H2 (compare Figures 2.2(a) and 2.6(a)). The 
difference between CO2 and H2 concentration near the fictitious wall is much smaller than that of 
the graphene case. Consistent with the gas concentrations, the PMF profiles of gases (Figure 2.6, 
panels (c) and (d)) are similar and the difference in the minimum values of the PMF (at the 
minima) is 0.5 kJ/mol. This difference is much smaller than that of the graphene case (–6.9 
kJ/mol). In addition, the fluctuation in the total PMF of gas near the fictitious wall is not 
significant compared to the graphene case. For water concentration, the strong water layering 
near the graphene surface disappears near the fictitious wall because of the decreasing interaction 
between water and wall (see Figure 2.6(b)). The concentration of the first layer of water is 
reduced and almost equal to the bulk concentration. 
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We decomposed the ΔPMFtotal (z) of the gas in the fictitious wall case, using the same approach 
as described for the graphene case, and the results are shown in Figure 2.7 and Table 2.4. 
Compared to the graphene case, the gas-wall interactions of both gas species are less negative 
(smaller in magnitude) at the minima of total PMF and their solvent-induced potential are more 
negative (larger in magnitude) as shown in Figure 2.7, panels (a) and (b). So, the solvent-induced 
potential becomes the dominant component for gas enrichment near the fictitious wall. Further- 
more, in terms of the entropic and enthalpic components of Δw(z) at the minima of the total 
PMF, the entropic components of Δw(z) are changed by –0.8 kJ/mol for CO2 and 4.3 kJ/mol for 
H2 from the values of the graphene case (see Table 2.4). The enthalpic components decreased by 
3.0 kJ/mol for CO2 and 12.4 kJ/mol for H2 from the values of the graphene case. The reduction 
of the unfavorable enthalpic component makes the solvent-induced potential, Δw(z), more 
favorable for gas enrichment and this reduction is attributed to the suppression of water layers 
near the surface. 
Finally, we also investigate gas enrichment in the case where the ε of the wall is increased to 10 
times that of graphene, 10εgrap. Increasing ε of the wall strengthens the gas-wall and the water-
wall interactions. In this case, we observed that the concentration of CO2 near the wall has 
increased while that of the H2 has decreased compared to the graphene wall case. In the case of 
the graphene wall and the fictitious wall with 0.1εgrap, the solvent-induced potential helps gas 
enrichment near the wall. However, as the interaction between water and the wall becomes much 
stronger, more stable layering of water is established and the solvent-induced potential prevents 
gas enrichment near the wall. Since CO2 has stronger interaction with the wall compared to 
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water, the CO2-wall interaction is able to overcome the unfavorable solvent-induced potential 
and causes higher concentration of CO2 near the wall than the graphene case. On the contrary, 
the H2-wall interaction is weaker compared to the water-wall interaction, hence, the unfavorable 
solvent-induced potential is dominant near the wall and the H2 concentration near the wall is 
reduced compared to the graphene case. This relation between gas concentration and ε of the 
wall is consistent with the previous cases as shown in Figure 2.8. 
 
2.4 Conclusions 
Gas enrichment of gas-water mixtures near extended surfaces depends on the type of the gas 
species and the nature of the wall (hydrophobic, hydrophilic, etc.). Although the gas-wall 
interaction is considered to be an important force giving rise to gas enrichment near surfaces, we 
show that the force exerted by water on the gas molecules, referred to as the solvent-induced 
potential, can be quite significant in some cases giving rise to gas enrichment. The 
decomposition of the solvent-induced potential into its entropic and enthalpic components 
reveals that the entropic component near the surface favors gas enrichment, whereas the 
enthalpic component is unfavorable. The significance of the solvent-induced potential on gas 
enrichment can depend on the type of the gas-water mixture and the extended surface. 
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model) is separated by vapor regions at 300 K. The solubility of
CO2 and H2 in water using the models presented in this paper
and their comparison to experimental data at 300 K is shown in
Table 1. The graphene surface is positioned in the middle of the
system, and the force-ﬁeld parameters of the carbon atom are
taken from ref 24. These parameters are listed in Table 2. Because
the graphene structure is a smooth hexagonal plane without
molecular level roughness, we can exclude the eﬀects of wall
properties caused by the conﬁguration or roughness of the wall. A
snapshot of the CO2!water mixture near the graphene surface is
shown in Figure 1. Two other surfaces are also considered for
which the L-J parameter ε is taken to be 0.1 and 10 times of the
graphene ε and the structure is the same as that of the graphene.
The L-J parameters between diﬀerent molecules were obtained
by applying the Lorentz!Berthelot mixing rules, σij = (σii + σjj)/
2 and εij = (εiiεjj)
1/2. A cutoﬀ distance of 1.2 nm is used for the L-J
potential. Electrostatic interactions were computed by using the
particle mesh Ewald method with a grid spacing of 0.15 nm.
Periodic boundary conditions are applied in all three directions.
Time integration was performed by using the leapfrog algorithm
with a time step of 1.0 fs. The temperature of the system is
controlled by Nos!e-Hoover thermostat with the characteristic
time of 0.1 ps.25 The hydrostatic pressure of the system is
maintained at 0.1 MPa for each case by using the Parrinello!
Rahman scheme applied to the z direction with a time constant
of 0.1 ps and compressibility of 4.5" 10!5 bar!1.26 In order to
obtain enough statistics, we performed simulation for about 50 ns
in each case. The average volume of the system is slightly
diﬀerent for each gas!water mixture. Both H2!water and
CO2!water systems are supersaturated with gas at 0.1 MPa
pressure and 300 K. Since the supersaturated condition has
considerable stability,27 the system is maintained in a single
phase. Simulations were performed using GROMACS 3.3.1.28
It is important to note that, among the many properties of the
surfaces, hydrophobicity has been regarded as an important
property for gas enrichment near the surface. However, control-
ling the hydrophobicity of surfaces is not trivial as it is usually a
combined eﬀect of the surface roughness, the charge distribution
on the surface, etc. In this paper, we tried to exclude the diverse
properties of the surface and focus on how the gas enrichment
changes as the wall property changes. To consider realistic
systems, we used the graphene surface and changed the property
of the wall by varying the van der Waals parameters. Graphene is
a monolayer of graphite, and we assumed that it is ﬂat without
corrugations.29 Varying the van derWaals interaction parameters
of the wall inﬂuences the gas!wall interaction and the water!
wall interaction. By considering both eﬀects, we analyze the eﬀect
of the change in the wall property on the gas concentration near
the surface.
Before investigating the enrichment of gases near the surface
via thermodynamic analysis, we need to evaluate the excess free
energy of the gases, CO2 and H2, in bulk water at 300 K to check
solvation free energy in bulk water. These bulk values will be used
to compare the values near the surface. We performed simula-
tions of 895 water molecules at 285, 300, and 315 Kwith pressure
of 0.1 MPa and used each conﬁguration to calculate the excess
potential by the Widom insertion method.30,31 In the Widom
insertion method, after generating the random position of a
virtual gas molecule in each conﬁguration of water box, we
compute exp(!βΔU), where ΔU is the potential energy diﬀer-
ence between the systems before and after adding a virtual
gas molecule, ΔU = U(Nwt + Ngas) ! U(Nwt), when Ngas = 1.
Table 1. Solubility of Gas Models
molar ratio (gas/water)
gas vapor pressure (MPa) simulation experiment
CO2 0.25 1.6" 10!3 1.5" 10!3
H2 0.58 10 " 10!5 8" 10!5
Table 2. Parameters for the LJ Potential and Charges
site ε (kJ/mol) σ (nm) q/e
C (CO2) 0.4058 0.3358 0.6172
O (CO2) 0.7766 0.2836 !0.3086
H (H2) 0.4932
center (H2) 0.2852 0.3038 !0.9864
C (graphene) 0.2897 0.3390
O (H2O) 0.6302 0.3169 !0.8476
H (H2O) 0.4238
Figure 1. (a) Snapshot of the system (graphene and CO2!water mixture).
Table 3. Excess Chemical Potentials of Gas Species at 300 K
in Bulk Water
kJ/mol CO2 H2
Δμex !0.50 8.82
Δμex,entropy 20.97 8.24
Δμex,enthalpy !21.47 0.58
FIGURE 2.1 Snapshot of the system (graphene and CO2-water mixtu e).  
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The excess chemical potential is an average over conﬁgurations
deﬁned as
Δμex ¼ " kT ln
ÆV
Z
dsNþ1 expð"βΔUÞæ
ÆV æ
ð1Þ
where k is the Boltzmann constant, T is the temperature of
system, β = 1/kT, V is the volume of the system, and the brackets
Æ...æ indicate isothermal"isobaric averaging over the conﬁgura-
tions. To thermodynamically quantify this potential energy, we
evaluated the entropic, " TΔsex, and enthalpic, Δhex = Δμex +
TΔsex, components by using the ﬁnite diﬀerence method
"Δsex ≈ ΔμexðT þ ΔTÞ "ΔμexðT "ΔTÞ2ΔT ð2Þ
based on the relationship (∂μ/∂T)P = "Δs and the chemical
potentials at 285, 300, and 315 K. Table 3 shows that the excess
free energy of CO2 is negative and the excess free energy of H2 is
positive (CO2 is more soluble than H2). These values are
reasonable when compared to the data in refs 23 and 32. The
calculation reveals that the entropic component of the excess
potential is unfavorable to gas solvation in water.32 The positive
entropic component represents the reduction of entropy of water
at 300 K because an inserted gas molecule occupies a certain
volume in water.5 The enthalpic component of the excess
chemical potential of CO2 is negative. The negative enthalpic
component of the free energy can be regarded as the attraction
between a gas molecule and water molecules, which acts as the
favorable factor for gas solvation. On the other hand, the
enthalpic component of H2 is positive but, it is small enough
to be not too unfavorable. Based on these characteristics, we
analyze the diﬀerence of thermodynamic components near the
surface.
III. RESULTS AND DISCUSSION
The gas and water concentrations as a function of distance
from the graphene surface for CO2"water and H2"water
mixtures are shown in Figure 2, panels a and b. In both cases,
gas enrichment near the graphene surface is observed. The peak
CO2 concentration near the graphene is much bigger than that of
H2 concentration (see Figure 2a) and the position of the peak of
H2 concentration (z = 0.31 nm) is slightly closer to the wall than
that of the CO2 concentration (z = 0.33 nm). The magnitude of
the ﬁrst peak of water concentration in the CO2"water mixture
case is slightly smaller than that in the H2"water mixture case
(see Figure 2b). This reduction of the ﬁrst peak of the water
concentration in CO2"water case is caused by the high con-
centration of CO2 near the graphene surface. Since the number
of gas molecules is 1/100 of the number of water molecules, the
overall distribution of water is not signiﬁcantly altered by the
distribution of the gas.
Both water and gas have a high concentration peak near the
graphene surface. However, the magnitude of the gas concentra-
tion near the graphene surface normalized by its bulk concentra-
tion is higher than that of water in both CO2"water and
H2"water mixtures. This can be estimated by the free energy
diﬀerence of the gas and water as a function of the distance from
Figure 2. (a) Gas concentrations of CO2"water and H2"water mixtures near the graphene as a function of distance from the wall. (b) Water
concentrations of CO2"water and H2"water mixtures near the graphene surface. (c) Total PMF of CO2 and water of the CO2"water mixture near the
graphene as a function of distance from the wall. (d) Total PMF of H2 and water of the H2"water mixture near the graphene surface.
FIGURE 2.2 (a) Gas and (b)Water concentrations of CO2-water and H2-water mixtures as a 
function f distance form the grapheme surface. (c) Total PMF of CO2 and water of the CO2-water 
mixture and (d) Total PMF of H2 and water of the H2-water mixture as a function of distance from 
the grapheme surface.  
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the graphene surface. Potential of mean force ΔPMFtotal(z) is
calculated by integrating the mean force proﬁles along the z axis
and the ends of both sides of the system are set as the reference
position where the ΔPMFtotal(z) is zero (see Figure 2, panels c
and d). The force proﬁle is obtained by averaging the force on
the molecules at various z positions along the direction ortho-
gonal to the wall.33 Corresponding to the density distributions
of water and gases, ΔPMFtotal(z) shows the lower free energy
of CO2 over water near the graphene surface. In the case of
H2!water, ΔPMFtotal(z) of H2 is slightly lower than that of
water at their minimum positions, even though ΔPMFtotal(z)
of H2 is higher than that of water in the region from z = 0.4 nm
to 0.8 nm as shown in Figure 2d. Considering the competition
between water and gas near the surface, the free energy of gases
at the ﬁrst peak near the surface is lower than the free energy
of water.
The contribution of water to the free energy change of gases,
which we denote as the solvent-induced potential Δw(z),34!36
is obtained by subtracting the gas!gas PMF and the gas!wall
PMF from the total PMF of gas as Δw(z) = ΔPMFtotal(z) !
ΔPMFgas!wall(z) ! ΔPMFgas!gas(z) (see Figure 3, panels
a!d). The various components at the minimum positions of
the total PMF proﬁle (the most stable position of the gas from
the surface, z = 0.33 nm for CO2 and z = 0.31 nm for H2) are
shown in Table 4. The gas!wall interaction energy of CO2 is
about four times stronger than that of H2. Compared to the
diﬀerence between the gas!wall potentials for CO2 and H2,
the diﬀerence in the solvent-induced potentials on gas for CO2
and H2 cases is small. In the case of CO2, the strong gas!
wall interaction contributed primarily to the stabilization of
the contact conﬁguration compared to the solvent-induced
Table 4. Free Energies of Gas Species at the Minima of the
Total PMF
graphene wall with 0.1εgrap
kJ/mol CO2 H2 CO2 H2
ΔPMFtotal !11.3 !4.4 !8.5 !9.0
ΔPMFgas!wall !13.4 !3.8 !3.9 !1.0
ΔPMFgas!gas 3.9 0.4 1.0 1.1
Δw !1.8 !1.0 !5.6 !9.1
Δwentropy !9.9 !13.0 !10.7 !8.7
Δwenthalpy 8.1 12.0 5.1 !0.4
Figure 4. (a) Solvent-induced potentials on the gas for CO2!water and
H2!water mixtures and water concentration as a function of distance
from the surface. (b) Solvent-induced potential, its entropic component
and enthalpic component as a function of distance from the surface for
H2!water mixture at 300 K.
Figure 3. (a) Total PMF of gases for CO2!water and H2!water
mixtures near the graphene as a function of distance from the wall. (b)
Gas!wall potentials for CO2!water and H2!water mixtures near the
graphene. (c) Gas!gas interactions for CO2!water and H2!water
mixtures near the graphene. (d) Solvent-induced potentials on gases for
CO2!water and H2!water mixtures near the graphene.
FIGURE 2.3 (a) Total PMF of gases for CO2-water and H2- water mixtures near the graphene as a 
function of distance from the wall. (b) Gas-wall potentials for CO2-water and H2-water mixtures 
near the graphene. (c) Gas-gas interactions for CO2-water and H2-water mixtures near the 
graphene. (d) Solvent-induced potentials on gases for CO2-water and H2-water mixtures near the 
graphene.  
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the graphene surface. Potential of mean force ΔPMFtotal(z) is
calculated by integrating the mean force proﬁles along the z axis
and the ends of both sides of the system are set as the reference
position where the ΔPMFtotal(z) is zero (see Figure 2, panels c
and d). The force proﬁle is obtained by averaging the force on
the molecules at various z positions along the direction ortho-
gonal to the wall.33 Corresponding to the density distributions
of water and gases, ΔPMFtotal(z) shows the lower free energy
of CO2 over water near the graphene surface. In the case of
H2!water, ΔPMFtotal(z) of H2 is slightly lower than that of
water at their minimum positions, even though ΔPMFtotal(z)
of H2 is higher than that of water in the region from z = 0.4 nm
to 0.8 nm as shown in Figure 2d. Considering the competition
between water and gas near the surface, the free energy of gases
at the ﬁrst peak near the surface is lower than the free energy
of water.
The contribution of water to the free energy change of gases,
which we denote as the solvent-induced potential Δw(z),34!36
is obtained by subtracting the gas!gas PMF and the gas!wall
PMF from the total PMF of gas as Δw(z) = ΔPMFtotal(z) !
ΔPMFgas!wall(z) ! ΔPMFgas!gas(z) (see Figure 3, panels
a!d). The various components at the minimum positions of
the total PMF proﬁle (the most stable position of the gas from
the surface, z = 0.33 nm for CO2 and z = 0.31 nm for H2) are
shown in Table 4. The gas!wall interaction energy of CO2 is
about four times stronger than that of H2. Compared to the
diﬀerence between the gas!wall potentials for CO2 and H2,
the diﬀerence in the solvent-induced potentials on gas for CO2
and H2 cases is small. In the case of CO2, the strong gas!
wall interaction contributed primarily to the stabilization of
the contact conﬁguration compared to the solvent-induced
Table 4. Free Energies of Gas Species at the Minima of the
Total PMF
graphene wall with 0.1εgrap
kJ/mol CO2 H2 CO2 H2
ΔPMFtotal !11.3 !4.4 !8.5 !9.0
ΔPMFgas!wall !13.4 !3.8 !3.9 !1.0
ΔPMFgas!gas 3.9 0.4 1.0 1.1
Δw !1.8 !1.0 !5.6 !9.1
Δwentropy !9.9 !13.0 !10.7 !8.7
Δwenthalpy 8.1 12.0 5.1 !0.4
Figure 4. (a) Solvent-induced potentials on the gas for CO2!water and
H2!water mixtures and water concentration as a function of distance
from the surface. (b) Solvent-induced potential, its entropic component
and enthalpic component as a function of distance from the surface for
H2!water mixture at 300 K.
Figure 3. (a) Total PMF of gases for CO2!water and H2!water
mixtures near the graphene as a function of distance from the wall. (b)
Gas!wall potentials for CO2!water and H2!water mixtures near the
graphene. (c) Gas!gas interactions for CO2!water and H2!water
mixtures near the graphene. (d) Solvent-induced potentials on gases for
CO2!water and H2!water mixtures near the graphene.
FIGURE 2.4 (a) Solvent-induced potentials on the gas for CO2-water and H2-water mixtures and 
water concentration as a function of distance from the surface. (b) Solvent-induced potential, its 
entropic and enthalpic components as a function of distance from the surface for H2-water mixture 
at 300 K. 
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component. In the case of H2, the gas!wall interaction of H2 is
smaller compared to that of CO2. Therefore, the solvent-
induced potential becomes comparable to the gas!wall inter-
action and makes the total PMF of H2 lower than the total PMF
of water near the graphene.
To understand the Δw(z) proﬁles further, we analyzed
Δw(z), as shown in Figure 4a, by dividing the region near the
surface into regions 1 and 2. Region 1 is within the water
monolayer distance from the graphene surface, and the rest of
the region is identiﬁed as region 2. The solvent-induced
potential decreases rapidly as the gas molecule approaches
the wall in region 1 and the unfavorable barriers to gas
enrichment are found in region 2. We decomposed the solvent-
induced potential at 300 K to entropic! TΔS(z) and enthalpic
ΔH(z) components and estimated them in both regions. The
entropic and enthalpic components are computed, analogous to
the excess chemical potential, by using the ﬁnite diﬀerence
method and Δw(z) proﬁles at 285, 300, and 315 K. Figure 4b
shows the entropic and enthalpic components of the solvent-
induced potential on H2 for the H2!water mixture. Since the
solvent-induced potential Δw(z) follows the change of the
enthalpic component of Δw(z) in region 2, the enthalpic
component is dominant over the entropic component in this
region. The enthalpic component of the solvent-induced po-
tential is primarily due to the direct interaction with water.5 The
strong layering of water near the graphene surface causes the
enthalpic component to increase, and this forms the unfavor-
able potential barrier for gas enrichment near the surface. As the
gas approaches closer to the graphene surface and is within
region 1, the entropic component becomes dominant and this
makes Δw(z) negative. The enthalpic and entropic contribu-
tion ofΔw(z) at the minima of the total PMF indicates that the
entropic component of Δw(z) contributes to high concentra-
tion of gas near the wall in region 1 (see Table 4). This
explanation for enrichment of H2 near the graphene surface
is also applicable to the enrichment of CO2 in the CO2!
water case.
Since the dissolved gas and its enrichment near the surface can
aﬀect the water structure near the surface (e.g., formation of
depletion layer, bubbles, etc.4,9), we also investigated the eﬀect of
Figure 6. (a) Gas concentration of CO2!water and H2!water mixtures near the ﬁctitious wall as a function of distance from the wall. (b) Water
concentration of CO2!water and H2!water mixtures near the ﬁctitious wall. (c) Total PMF of CO2 and water for CO2!water mixture near the
ﬁctitious wall as a function of distance from the wall. (d) Total PMF of H2 and water for H2!water mixture near the ﬁctitious wall.
Figure 5. Gas contribution to water PMF for CO2!water and
H2!water mixtures as a function of distance from the graphene surface.
FIGURE 2.5 Gas contribution to water PMF for CO2-water and H2-water mixtures as a function of 
distance from the gr phene s face. 
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component. In the case of H2, the gas!wall interaction of H2 is
smaller compared to that of CO2. Therefore, the solvent-
induced potential becomes comparable to the gas!wall inter-
action and makes the total PMF of H2 lower than the total PMF
of water near the graphene.
To understand the Δw(z) proﬁles further, we analyzed
Δw(z), as shown in Figure 4a, by dividing the region near the
surface into regions 1 and 2. Region 1 is within the water
monolayer distance from the graphene surface, and the rest of
the region is identiﬁed as region 2. The solvent-induced
potential decreases rapidly as the gas molecule approaches
the wall in region 1 and the unfavorable barriers to gas
enrichment are found in region 2. We decomposed the solvent-
induced potential at 300 K to entropic! TΔS(z) and enthalpic
ΔH(z) components and estimated them in both regions. The
entropic and enthalpic components are computed, analogous to
the excess chemical potential, by using the ﬁnite diﬀerence
method and Δw(z) proﬁles at 285, 300, and 315 K. Figure 4b
shows the entropic and enthalpic components of the solvent-
induced potential on H2 for the H2!water mixture. Since the
solvent-induced potential Δw(z) follows the change of the
enthalpic component of Δw(z) in region 2, the enthalpic
component is dominant over the entropic component in this
region. The enthalpic component of the solvent-induced po-
tential is primarily due to the direct interaction with water.5 The
strong layering of water near the graphene surface causes the
enthalpic component to increase, and this forms the unfavor-
able potential barrier for gas enrichment near the surface. As the
gas approaches closer to the graphene surface and is within
region 1, the entropic component becomes dominant and this
makes Δw(z) negative. The enthalpic and entropic contribu-
tion ofΔw(z) at the minima of the total PMF indicates that the
entropic component of Δw(z) contributes to high concentra-
tion of gas near the wall in region 1 (see Table 4). This
explanation for enrichment of H2 near the graphene surface
is also applicable to the enrichment of CO2 in the CO2!
water case.
Since the dissolved gas and its enrichment near the surface can
aﬀect the water structure near the surface (e.g., formation of
depletion layer, bubbles, etc.4,9), we also investigated the eﬀect of
Figure 6. (a) Gas concentration of CO2!water and H2!water mixtures near the ﬁctitious wall as a function of distance from the wall. (b) Water
concentration of CO2!water and H2!water mixtures near the ﬁctitious wall. (c) Total PMF of CO2 and water for CO2!water mixture near the
ﬁctitious wall as a function of distance from the wall. (d) Total PMF of H2 and water for H2!water mixture near the ﬁctitious wall.
Figure 5. Gas contribution to water PMF for CO2!water and
H2!water mixtures as a function of distance from the graphene surface.
FIGURE 2.6 (a)Gas and (b)Water concentrations of CO2-water and H2-water mixtures as a 
functi  f distance from the fictitious wall. (c) Total PMF of CO2 and water of the CO2-water 
mixture and (d) Total PMF of H2 and water of the H2-water mixture as a function of distance from 
the fictitious wall.  
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gas on the water distribution near the surface. To investigate the
free energy change of water by gas enrichment near the graphene
surface, we calculate the contribution of gas to the PMF of water
as shown in Figure 5. Since the number of gas molecules is small
(1/100 of that of water molecules), the eﬀect of gas on the PMF
of water is small compared to the total PMF of water. The PMF
calculation shows that the free energy change of water is aﬀected
(even though it is small) by gas concentration near the graphene
surface. The contribution of gas to water PMF increases with the
concentration of gas near the surface.
To understand how the gas enrichment changes with the
property of the surface, we next considered a ﬁctitious wall
with the L-J parameter, εﬁct, to be 0.1 times of that of graphene,
εgrap (εﬁct = 0.1εgrap) and the structure is the same as that of the
graphene. Since the L-J interactions between diﬀerent mol-
ecules are based on the Lorentz!Berthelot mixing rules in this
paper, decreasing the value of ε of the wall parameter makes
the water!wall and the gas!wall interactions weaker at the
same time. The simulations were performed using these
modiﬁed parameters, and all other simulation details are
identical as described above for the graphene case. Gas
enrichment is observed near the ﬁctitious wall as shown in
Figure 6a. Although the concentration of CO2 near the
graphene is higher than that of H2 near the graphene, the
concentration of H2 is higher than that of CO2 near the
ﬁctitious wall with concentration peaks located at z = 0.34 nm
for CO2 and z = 0.30 nm for H2 (compare Figures 2a and 6a).
The diﬀerence between CO2 and H2 concentration near the
ﬁctitious wall is much smaller than that of the graphene case.
Consistent with the gas concentrations, the PMF proﬁles of
gases (Figure 6, panels c and d) are similar and the diﬀerence
in the minimum values of the PMF (at the minima) is 0.5 kJ/mol.
This diﬀerence is much smaller than that of the graphene
case (!6.9 kJ/mol). In addition, the ﬂuctuation in the total
PMF of gas near the ﬁctitious wall is not signiﬁcant compared
to the graphene case. For water concentration, the strong
water layering near the graphene surface disappears near the
ﬁctitious wall because of the decreasing interaction between
water and wall (see Figure 6b). The concentration of the
ﬁrst layer of water is reduced and almost equal to the bulk
concentration.
We decomposed the ΔPMFtotal(z) of the gas in the ﬁctitious
wall case, using the same approach as described for the graphene
case, and the results are shown in Figure 7 and Table 4.
Compared to the graphene case, the gas!wall interactions of
both gas species are less negative (smaller in magnitude) at the
minima of total PMF and their solvent-induced potential are
more negative (larger in magnitude) as shown in Figure 7, panels
a and b. So, the solvent-induced potential becomes the dominant
component for gas enrichment near the ﬁctitious wall. Further-
more, in terms of the entropic and enthalpic components of
Δw(z) at the minima of the total PMF, the entropic components
of Δw(z) are changed by !0.8 kJ/mol for CO2 and 4.3 kJ/mol
for H2 from the values of the graphene case (see Table 4).
The enthalpic components decreased by 3.0 kJ/mol for CO2 and
12.4 kJ/mol for H2 from the values of the graphene case. The
reduction of the unfavorable enthalpic component makes the
solvent-induced potential,Δw(z), more favorable for gas enrich-
ment and this reduction is attributed to the suppression of water
layers near the surface.
Finally, we also investigate gas enrichment in the case where
the ε of the wall is increased to 10 times that of graphene,
10εgrap. Increasing ε of the wall strengthens the gas!wall and
the water!wall interactions. In this case, we observed that the
concentration of CO2 near the wall has increased while that of
theH2 has decreased compared to the graphene wall case. In the
case of the graphene wall and the ﬁctitious wall with 0.1εgrap, the
solvent-induced potential helps gas enrichment near the wall.
However, as the interaction between water and the wall
becomes much stronger, more stable layering of water is
established and the solvent-induced potential prevents gas
enrichment near the wall. Since CO2 has stronger interaction
with the wall compared to water, te CO2!wall interaction is
able to overcome the unfavorable solvent-induced potential and
causes higher concentration of CO2 near the wall than the
graphene case. On the contrary, the H2!wall interaction is
weaker compared to the water!wall interaction, hence, the
unfavorable solvent-induced potential is dominant near the wall
and the H2 concentration near the wall is reduced compared to
the graphene case. This relation between gas concentration and
ε of the wall is consistent with the previous cases as shown in
Figure 8.
Figure 7. (a) Gas!wall potentials for CO2!water and H2!water
mixtures near the ﬁctitious wall. (b) Solvent-induced potential on the
gas for CO2!water andH2!water mixtures and water concentration for
H2!watermixture near the ﬁctitious wall. (c) Solvent-induced potential,
its entropic component and enthalpic component for H2!watermixture
near the ﬁctitious wall at 300 K.
FIGURE 2.7 (a) Gas-wall potentials for CO2-water and H2-water mix ures near the fictitious wall. 
(b) Solvent-induced potential on the gas for CO2-water and H2-water mixtures and water 
concentration for H2-water mixture near the fictitious wall. (c) Solvent-induced potential, its 
entropic component and enthalpic component for H2-water mixture near the fictitious wall at 300 
K.  
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IV. CONCLUSIONS
Gas enrichment of gas!water mixtures near extended surfaces
depends on the type of the gas species and the nature of the wall
(hydrophobic, hydrophilic, etc.). Although the gas!wall inter-
action is considered to be an important force giving rise to gas
enrichment near surfaces, we show that the force exerted by
water on the gas molecules, referred to as the solvent-induced
potential, can be quite signiﬁcant in some cases giving rise to gas
enrichment. The decomposition of the solvent-induced potential
into its entropic and enthalpic components reveals that the
entropic component near the surface favors gas enrichment,
whereas the enthalpic component is unfavorable. The signiﬁ-
cance of the solvent-induced potential on gas enrichment can
depend on the type of the gas!water mixture and the extended
surface.
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FIGURE 2.8 (a) CO2 concentration of CO2-water mixtures near the surfaces with different ε. (b) 
H2 concentration of H2-water mixtures near the surfaces with different ε. (c) Water concentration 
of CO2-water mixture near the surfaces with different ε. (d) Water concentration of H2-water 
mixture near the surfaces with different ε.  
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model) is separated by vapor regions at 300 K. The solubility of
CO2 and H2 in water using the models presented in this paper
and their comparison to experimental data at 300 K is shown in
Table 1. The graphene surface is positioned in the middle of the
system, and the force-ﬁeld parameters of the carbon atom are
taken from ref 24. These parameters are listed in Table 2. Because
the graphene structure is a smooth hexagonal plane without
molecular level roughness, we can exclude the eﬀects of wall
properties caused by the conﬁguration or roughness of the wall. A
snapshot of the CO2!water mixture near the graphene surface is
shown in Figure 1. Two other surfaces are also considered for
which the L-J parameter ε is taken to be 0.1 and 10 times of the
graphene ε and the structure is the same as that of the graphene.
The L-J parameters between diﬀerent molecules were obtained
by applying the Lorentz!Berthelot mixing rules, σij = (σii + σjj)/
2 and εij = (εiiεjj)
1/2. A cutoﬀ distance of 1.2 nm is used for the L-J
potential. Electrostatic interactions were computed by using the
particle mesh Ewald method with a grid spacing of 0.15 nm.
Periodic boundary conditions are applied in all three directions.
Time integration was performed by using the leapfrog algorithm
with a time step of 1.0 fs. The temperature of the system is
controlled by Nos!e-Hoover thermostat with the characteristic
time of 0.1 ps.25 The hydrostatic pressure of the system is
maintained at 0.1 MPa for each case by using the Parrinello!
Rahman scheme applied to the z direction with a time constant
of 0.1 ps and compressibility of 4.5" 10!5 bar!1.26 In order to
obtain enough statistics, we performed simulation for about 50 ns
in each case. The average volume of the system is slightly
diﬀerent for each gas!water mixture. Both H2!water and
CO2!water systems are supersaturated with gas at 0.1 MPa
pressure and 300 K. Since the supersaturated condition has
considerable stability,27 the system is maintained in a single
phase. Simulations were performed using GROMACS 3.3.1.28
It is important to note that, among the many properties of the
surfaces, hydrophobicity has been regarded as an important
property for gas enrichment near the surface. However, control-
ling the hydrophobicity of surfaces is not trivial as it is usually a
combined eﬀect of the surface roughness, the charge distribution
on the surface, etc. In this paper, we tried to exclude the diverse
properties of the surface and focus on how the gas enrichment
changes as the wall property changes. To consider realistic
systems, we used the graphene surface and changed the property
of the wall by varying the van der Waals parameters. Graphene is
a monolayer of graphite, and we assumed that it is ﬂat without
corrugations.29 Varying the van derWaals interaction parameters
of the wall inﬂuences the gas!wall interaction and the water!
wall interaction. By considering both eﬀects, we analyze the eﬀect
of the change in the wall property on the gas concentration near
the surface.
Before investigating the enrichment of gases near the surface
via thermodynamic analysis, we need to evaluate the excess free
energy of the gases, CO2 and H2, in bulk water at 300 K to check
solvation free energy in bulk water. These bulk values will be used
to compare the values near the surface. We performed simula-
tions of 895 water molecules at 285, 300, and 315 Kwith pressure
of 0.1 MPa and used each conﬁguration to calculate the excess
potential by the Widom insertion method.30,31 In the Widom
insertion method, after generating the random position of a
virtual gas molecule in each conﬁguration of water box, we
compute exp(!βΔU), where ΔU is the potential energy diﬀer-
ence between the systems before and after adding a virtual
gas molecule, ΔU = U(Nwt + Ngas) ! U(Nwt), when Ngas = 1.
Table 1. Solubility of Gas Models
molar ratio (gas/water)
gas vapor pressure (MPa) simulation experiment
CO2 0.25 1.6" 10!3 1.5" 10!3
H2 0.58 10 " 10!5 8" 10!5
Table 2. Parameters for the LJ Potential and Charges
site ε (kJ/mol) σ (nm) q/e
C (CO2) 0.4058 0.3358 0.6172
O (CO2) 0.7766 0.2836 !0.3086
H (H2) 0.4932
center (H2) 0.2852 0.3038 !0.9864
C (graphene) 0.2897 0.3390
O (H2O) 0.6302 0.3169 !0.8476
H (H2O) 0.4238
Figure 1. (a) Snapshot of the system (graphene and CO2!water mixture).
Table 3. Excess Chemical Potentials of Gas Species at 300 K
in Bulk Water
kJ/mol CO2 H2
Δμex !0.50 8.82
Δμex,entropy 20.97 8.24
Δμex,enthalpy !21.47 0.58
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model) is separated by vapor regions at 300 K. The solubility of
CO2 and H2 in water using the models presented in this paper
and their comparison to experimental data at 300 K is shown in
Table 1. The graphene surface is positioned in the middle of the
system, and the force-ﬁeld parameters of the carbon atom are
taken from ref 24. These parameters are listed in Table 2. Because
the graphene structure is a smooth hexagonal plane without
molecular level roughness, we can exclude the eﬀects of wall
properties caused by the conﬁguration or roughness of the wall. A
snapshot of the CO2!water mixture near the graphene surface is
shown in Figure 1. Two other surfaces are also considered for
which the L-J parameter ε is taken to be 0.1 and 10 times of the
graphene ε and the structure is the same as that of the graphene.
The L-J parameters between diﬀerent molecules were obtained
by applying the Lorentz!Berthelot mixing rules, σij = (σii + σjj)/
2 and εij = (εiiεjj)
1/2. A cutoﬀ distance of 1.2 nm is used for the L-J
potential. Electrostatic interactions were computed by using the
particle mesh Ewald method with a grid spacing of 0.15 nm.
Periodic boundary conditions are applied in all three directions.
Time integration was performed by using the leapfrog algorithm
with a time step of 1.0 fs. The temperature of the system is
controlled by Nos!e-Hoover thermostat with the characteristic
time of 0.1 ps.25 The hydrostatic pressure of the system is
maintained at 0.1 MPa for each case by using the Parrinello!
Rahman scheme applied to the z direction with a time constant
of 0.1 ps and compressibility of 4.5" 10!5 bar!1.26 In order to
obtain enough statistics, we performed simulation for about 50 ns
in each case. The average volume of the system is slightly
diﬀerent for each gas!water mixture. Both H2!water and
CO2!water systems are supersaturated with gas at 0.1 MPa
pressure and 300 K. Since the supersaturated condition has
considerable stability,27 the system is maintained in a single
phase. Simulations were performed using GROMACS 3.3.1.28
It is important to note that, among the many properties of the
surfaces, hydrophobicity has been regarded as an important
property for gas enrichment near the surface. However, control-
ling the hydrophobicity of surfaces is not trivial as it is usually a
combined eﬀect of the surface roughness, the charge distribution
on the surface, etc. In this paper, we tried to exclude the diverse
properties of the surface and focus on how the gas enrichment
changes as the wall property changes. To consider realistic
systems, we used the graphene surface and changed the property
of the wall by varying the van der Waals parameters. Graphene is
a monolayer of graphite, and we assumed that it is ﬂat without
corrugations.29 Varying the van derWaals interaction parameters
of the wall inﬂuences the gas!wall interaction and the water!
wall interaction. By considering both eﬀects, we analyze the eﬀect
of the change in the wall property on the gas concentration near
the surface.
Before investigating the enrichment of gases near the surface
via thermodynamic analysis, we need to evaluate the excess free
energy of the gases, CO2 and H2, in bulk water at 300 K to check
solvation free energy in bulk water. These bulk values will be used
to compare the values near the surface. We performed simula-
tions of 895 water molecules at 285, 300, and 315 Kwith pressure
of 0.1 MPa and used each conﬁguration to calculate the excess
potential by the Widom insertion method.30,31 In the Widom
insertion method, after generating the random position of a
virtual gas molecule in each conﬁguration of water box, we
compute exp(!βΔU), where ΔU is the potential energy diﬀer-
ence between the systems before and after adding a virtual
gas molecule, ΔU = U(Nwt + Ngas) ! U(Nwt), when Ngas = 1.
Table 1. Solubility of Gas Models
molar ratio (gas/water)
gas vapor pressure (MPa) simulation experiment
CO2 0.25 1.6" 10!3 1.5" 10!3
H2 0.58 10 " 10!5 8" 10!5
Table 2. Parameters for the LJ Potential and Charges
site ε (kJ/mol) σ (nm) q/e
C (CO2) 0.4058 0.3358 0.6172
O (CO2) 0.7766 0.2836 !0.3086
H (H2) 0.4932
center (H2) 0.2852 0.3038 !0.9864
C (graphene) 0.2897 0.3390
O (H2O) 0.6302 0.3169 !0.8476
H (H2O) 0.4238
Figure 1. (a) Snapshot of the system (graphene and CO2!water mixture).
Table 3. Excess Chemical Potentials of Gas Species at 300 K
in Bulk Water
kJ/mol CO2 H2
Δμex !0.50 8.82
Δμex,entropy 20.97 8.24
Δμex,enthalpy !21.47 0.58
TABLE 2.2. Parameters for the LJ Potential and Charges 
	  
	  
34	  
 
 
17496 dx.doi.org/10.1021/jp205260j |J. Phys. Chem. C 2011, 115, 17495–17502
The Journal of Physical Chemistry C ARTICLE
model) is separated by vapor regions at 300 K. The solubility of
CO2 and H2 in water using the models presented in this paper
and their comparison to experimental data at 300 K is shown in
Table 1. The graphene surface is positioned in the middle of the
system, and the force-ﬁeld parameters of the carbon atom are
taken from ref 24. These parameters are listed in Table 2. Because
the graphene structure is a smooth hexagonal plane without
molecular level roughness, we can exclude the eﬀects of wall
properties caused by the conﬁguration or roughness of the wall. A
snapshot of the CO2!water mixture near the graphene surface is
shown in Figure 1. Two other surfaces are also considered for
which the L-J parameter ε is taken to be 0.1 and 10 times of the
graphene ε and the structure is the same as that of the graphene.
The L-J parameters between diﬀerent molecules were obtained
by applying the Lorentz!Berthelot mixing rules, σij = (σii + σjj)/
2 and εij = (εiiεjj)
1/2. A cutoﬀ distance of 1.2 nm is used for the L-J
potential. Electrostatic interactions were computed by using the
particle mesh Ewald method with a grid spacing of 0.15 nm.
Periodic boundary conditions are applied in all three directions.
Time integration was performed by using the leapfrog algorithm
with a time step of 1.0 fs. The temperature of the system is
controlled by Nos!e-Hoover thermostat with the characteristic
time of 0.1 ps.25 The hydrostatic pressure of the system is
maintained at 0.1 MPa for each case by using the Parrinello!
Rahman scheme applied to the z direction with a time constant
of 0.1 ps and compressibility of 4.5" 10!5 bar!1.26 In order to
obtain enough statistics, we performed simulation for about 50 ns
in each case. The average volume of the system is slightly
diﬀerent for each gas!water mixture. Both H2!water and
CO2!water systems are supersaturated with gas at 0.1 MPa
pressure and 300 K. Since the supersaturated condition has
considerable stability,27 the system is maintained in a single
phase. Simulations were performed using GROMACS 3.3.1.28
It is important to note that, among the many properties of the
surfaces, hydrophobicity has been regarded as an important
property for gas enrichment near the surface. However, control-
ling the hydrophobicity of surfaces is not trivial as it is usually a
combined eﬀect of the surface roughness, the charge distribution
on the surface, etc. In this paper, we tried to exclude the diverse
properties of the surface and focus on how the gas enrichment
changes as the wall property changes. To consider realistic
systems, we used the graphene surface and changed the property
of the wall by varying the van der Waals parameters. Graphene is
a monolayer of graphite, and we assumed that it is ﬂat without
corrugations.29 Varying the van derWaals interaction parameters
of the wall inﬂuences the gas!wall interaction and the water!
wall interaction. By considering both eﬀects, we analyze the eﬀect
of the change in the wall property on the gas concentration near
the surface.
Before investigating the enrichment of gases near the surface
via thermodynamic analysis, we need to evaluate the excess free
energy of the gases, CO2 and H2, in bulk water at 300 K to check
solvation free energy in bulk water. These bulk values will be used
to compare the values near the surface. We performed simula-
tions of 895 water molecules at 285, 300, and 315 Kwith pressure
of 0.1 MPa and used each conﬁguration to calculate the excess
potential by the Widom insertion method.30,31 In the Widom
insertion method, after generating the random position of a
virtual gas molecule in each conﬁguration of water box, we
compute exp(!βΔU), where ΔU is the potential energy diﬀer-
ence between the systems before and after adding a virtual
gas molecule, ΔU = U(Nwt + Ngas) ! U(Nwt), when Ngas = 1.
Table 1. Solubility of Gas Models
molar ratio (gas/water)
gas vapor pressure (MPa) simulation experiment
CO2 0.25 1.6" 10!3 1.5" 10!3
H2 0.58 10 " 10!5 8" 10!5
Table 2. Parameters for the LJ Potential and Charges
site ε (kJ/mol) σ (nm) q/e
C (CO2) 0.4058 0.3358 0.6172
O (CO2) 0.7766 0.2836 !0.3086
H (H2) 0.4932
center (H2) 0.2852 0.3038 !0.9864
C (graphene) 0.2897 0.3390
O (H2O) 0.6302 0.3169 !0.8476
H (H2O) 0.4238
Figure 1. (a) Snapshot of the system (graphene and CO2!water mixture).
Table 3. Excess Chemical Potentials of Gas Species at 300 K
in Bulk Water
kJ/mol CO2 H2
Δμex !0.50 8.82
Δμex,entropy 20.97 8.24
Δμex,enthalpy !21.47 0.58
TABLE 2.3. Excess Chemical Potentials of Gas Species at 300 K 
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the graphene surface. Potential of mean force ΔPMFtotal(z) is
calculated by integrating the mean force proﬁles along the z axis
and the ends of both sides of the system are set as the reference
position where the ΔPMFtotal(z) is zero (see Figure 2, panels c
and d). The force proﬁle is obtained by averaging the force on
the molecules at various z positions along the direction ortho-
gonal to the wall.33 Corresponding to the density distributions
of water and gases, ΔPMFtotal(z) shows the lower free energy
of CO2 over water near the graphene surface. In the case of
H2!water, ΔPMFtotal(z) of H2 is slightly lower than that of
water at their minimum positions, even though ΔPMFtotal(z)
of H2 is higher than that of water in the region from z = 0.4 nm
to 0.8 nm as shown in Figure 2d. Considering the competition
between water and gas near the surface, the free energy of gases
at the ﬁrst peak near the surface is lower than the free energy
of water.
The contribution of water to the free energy change of gases,
which we denote as the solvent-induced potential Δw(z),34!36
is obtained by subtracting the gas!gas PMF and the gas!wall
PMF from the total PMF of gas as Δw(z) = ΔPMFtotal(z) !
ΔPMFgas!wall(z) ! ΔPMFgas!gas(z) (see Figure 3, panels
a!d). The various components at the minimum positions of
the total PMF proﬁle (the most stable position of the gas from
the surface, z = 0.33 nm for CO2 and z = 0.31 nm for H2) are
shown in Table 4. The gas!wall interaction energy of CO2 is
about four times stronger than that of H2. Compared to the
diﬀerence between the gas!wall potentials for CO2 and H2,
the diﬀerence in the solvent-induced potentials on gas for CO2
and H2 cases is small. In the case of CO2, the strong gas!
wall interaction contributed primarily to the stabilization of
the contact conﬁguration compared to the solvent-induced
Table 4. Free Energies of Gas Species at the Minima of the
Total PMF
graphene wall with 0.1εgrap
kJ/mol CO2 H2 CO2 H2
ΔPMFtotal !11.3 !4.4 !8.5 !9.0
ΔPMFgas!wall !13.4 !3.8 !3.9 !1.0
ΔPMFgas!gas 3.9 0.4 1.0 1.1
Δw !1.8 !1.0 !5.6 !9.1
Δwentropy !9.9 !13.0 !10.7 !8.7
Δwenthalpy 8.1 12.0 5.1 !0.4
Figure 4. (a) Solvent-induced potentials on the gas for CO2!water and
H2!water mixtures and water concentration as a function of distance
from the surface. (b) Solvent-induced potential, its entropic component
and enthalpic component as a function of distance from the surface for
H2!water mixture at 300 K.
Figure 3. (a) Total PMF of gases for CO2!water and H2!water
mixtures near the graphene as a function of distance from the wall. (b)
Gas!wall potentials for CO2!water and H2!water mixtures near the
graphene. (c) Gas!gas interactions for CO2!water and H2!water
mixtures near the graphene. (d) Solvent-induced potentials on gases for
CO2!water and H2!water mixtures near the graphene.
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Chapter 3 Water-solubility-driven Gas 
separation using graphene membrane  
	  
	  
 
3.1 Introduction 
 
Separation of CO2 from the flue gas is an important step towards reducing the global emissions 
of CO2. Many processes such as adsorption, absorption and membrane technology have been 
used to remove CO2 from the flue gas[46]. A popular industrial method to separate CO2 is to use 
absorption liquids in the process. In spite of high product yields and purities, high energy 
consumption and liquid loss in desorption are regarded as disadvantages of the approach[47]. On 
the other hand, membrane technology has been considered as an energy efficient method for CO2 
separation for a couple of decades, as membranes are thin and easy to scale-up[48]. Recent 
studies on gas separation through membranes have focused on inorganic membranes such as 
zeolites and carbon-based membranes for high-temperature environments[49, 50]. The thickness 
of these membranes ranges from tens for nanometers to several micrometers. 
Taking advantage of both the absorption and the membrane technologies, two methods have 
been proposed. The first one is a membrane contactor in which a membrane acts as an interface 
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between the feed gas and the absorption liquid[51, 52]. CO2 is solvated in the absorption liquid 
through the membrane and this solvated CO2 is separated later by using stripper or the same type 
of membrane contactor called desorber[53]. The second approach uses a liquid membrane, where 
absorption liquid and polymeric membranes are placed between two gas regions. CO2 in the feed 
gas region penetrates through the liquid membrane and comes out to the other region[54]. Ever 
since the liquid membrane was introduced[55, 56], separation methods based on the absorption 
liquid and the membrane have improved over a couple of decades and researchers have primarily 
focused on various systems and diverse materials in the liquid membrane system. To achieve 
efficient gas separation through the liquid membrane, the type of absorption liquid used in the 
system is important. Water as an absorption liquid has steadily received much attention for gas 
separation[57]. In addition, different materials for the membrane have been used instead of the 
conventional polymeric membrane, to reduce the overall diffusion thickness. 
Graphene is a promising material for various applications because of its exceptional physical 
properties and atomic scale thickness[40]. Graphene is a single-atom-thick planar sheet made of 
carbon atoms arranged in a hexagonal lattice. Graphene, without defects, does not have pores 
and is impermeable, but atomic scale pores can be generated in a graphene sheet by chemical or 
thermal treatment[58, 59]. Porous graphene has been investigated as a membrane material and it 
has been shown to be as fast transporter of water[60]. In addition, porous graphene has also been 
shown to be a high performance membrane material for ion, gas and nanoparticle separation[61, 
62]. Jiang et al. considered graphene with subnanometer size pores as a membrane for gas 
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separation and observed that porous graphene can be a highly efficient membrane for gas 
separations[63].  
In this chapter, we investigate water solubility-driven separation of CO2 from CO2/O2, CO2/N2 
and CO2/CH4 mixtures using a porous graphene membrane. Molecular dynamics simulation is an 
important tool to understand the vapor-liquid and liquid-solid interface effects on the separation 
procedure and the coupled interaction of gas with the graphene pore and the water slab. By 
performing extensive simulations, we understand separation of gases. To investigated the merits 
of porous graphene for gas separations, we also perform simulations for carbon nanotubes (CNT) 
as a membrane. Comparison studies between porous graphene and CNT can provide insights on 
the effect of the length of the pore on gas separations. We envision that our work will lead to the 
use of porous graphene as an efficient membrane for gas separations.  
 
 
3.2 Methods 
 
A snapshot of the CO2/O2 mixture and the water slab separating the mixture and the porous 
graphene membrane is shown in Figure 3.1(a). The volume of the system (3.9x3.8x14.0 nm3) is 
fixed throughout the simulation. The gas mixture is initially positioned at both ends of the system. 
The 0.99 nm diameter graphene pore is shown in Figure 3.1(b). The thickness of the water slab is 
approximately 2.4 nm. The bond length of CO2, O2 and N2 is maintained by the shake constraint 
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scheme. The bond stretching and angle bending of CH4 is controlled by the OPLS-AA force 
field[64]. 
The Lennard-Jones (L-J) and Coulomb potential parameters for the various gas molecules (CO2, 
O2, N2, and CH4) are taken from Refs [37, 63, 64]. We estimated the solubility of CO2 [37, 65, 
66], O2 [63], N2 [37, 63] and CH4 [64] models by the method discussed in Ref [39] using SPC/E 
water slab at 300 K [16]. The models used in this work for CO2, O2, N2 and CH4 show the closest 
solubility of each gas in water to experimental data at 300K. The porous graphene membranes 
are positioned at z=5 nm and z=9 nm. The force-field parameters for the carbon atom of the 
graphene membrane are taken from Ref [15]. The L-J parameters between different molecules 
were obtained by applying the Lorentz-Berthelot mixing rules. A cut-off distance of 1.2nm is 
used for the L-J potential. Electrostatic interactions were computed by using the Particle Mesh 
Ewald method with a grid spacing of 0.15nm. Periodic boundary conditions are applied in all the 
three directions. Time integration was performed by using the leap-frog algorithm with a time 
step of 1.0 fs. The temperature of the system is maintained at 300 K by Nose-Hoover 
thermodynamics with a characteristic time of 0.1 ps [17]. Simulations were performed using 
GROMACS 4.0.7 [67]. 
As shown in Figure 3.1(a), the computational domain for gas separations is divided into inside 
and outside regions by the porous graphenes. The separation of gas molecules is identified by the 
number of the gas molecules in the inside and outside regions as the simulation time goes. 
Initially, the gas mixtures are positioned in the outside region, next to the water slab. After the 
simulation starts, the gas molecules diffuse through the water slab and through the porous 
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graphene membrane to the inside region, which is initially empty. In the absence of the water 
slab, we note that for the various gas mixtures, the other gas molecule (O2, N2 and CH4) passes 
through the graphene nanopores slightly faster than the CO2 molecule. The size and kinetic 
radius of the gas molecule relative to the size of the nanopores is important for gas selectivity in 
this situation. 
 
3.3 Results and Discussion 
Before presenting results on the separation of gases through the porous graphene membrane, we 
discuss the solubility of the various gases considered in this work (CO2, O2, N2 and CH4) in bulk 
water at 300 K. The solubility results will not only explain the separation properties, but also 
show the limitations, if any of the force-fields in accurately representing experimental solubility 
data. We estimated the solubility of each gas using the method discussed in Ref [39]. We 
simulated the water slab system, as shown in Figure 3.2(a), with 98 gas molecules and 1600 
water molecules at 300 K. Using the averaged value of gas concentration along the z-axis, as 
shown in Figure 3.2(b), we calculated gas concentration in the water slab. Since the 
concentration of gas in water is proportional to gas vapor pressure, we can compare the gas 
solubility by calculating the Henry’s constant (pressure unit) as shown in Table 3.1. The gas 
vapor pressure is calculated by van der Waals equation and Henry’s constant is calculated based 
on Henry’s law hH =p/x, where p is the pressure of gas in the vapor region and x is the mole 
fraction of gas in the water slab. If the gas molecule has a smaller Henry’s constant, then it has a 
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higher solubility. We note that CO2 has higher solubility compared to that of O2, N2 and CH4. 
The solubility of O2 is about two times bigger than that of N2 and the solubility of CH4 is 
between that of O2 and N2. Even though there is some discrepancy between experimental 
solubilities and our estimated values, the ratios of various gas solubilities are reasonable 
compared to the experimental values and we will use this to explain gas separations. 
In the case of a 0.99 nm diameter graphene pore without the water slab, no significant selectivity 
or separation of the gas molecules is achieved for the various gas mixtures considered. 
Compared to the graphene-only case, in the presence of a water slab, as shown in Figure 3.3(b) 
for CO2/O2 mixture, a significant separation of gas molecules is observed. In particular, we 
observed that highly soluble CO2 molecules are selectively transported through the 
water/graphene membrane and other gas molecules such as O2, N2 and CH4 having low solubility 
in water hardly penetrate through the water/graphene membrane. The flux of each gas molecule 
and the selectivity of CO2/O2, CO2/N2 and CO2/CH4 gas mixtures through the water/graphene 
membrane system are shown in Table 3.2. In the CO2/O2 case, the flux of CO2 is about 9.5 times 
higher than the flux of O2. The flux of N2 in the CO2/N2 mixture is lower than the flux of O2 in 
the CO2/O2 mixture and this reduction of N2 flux through the water/graphene membrane causes 
higher selectivity of CO2 for the CO2/N2 mixture than CO2 from the CO2/ O2 mixture. Higher 
CO2 selectivity in the CO2/N2 mixture is consistent with the higher solubility ratio of CO2/N2 
compared to that of CO2/ O2. In the case of CO2/CH4 mixture, the selectivity of CO2 over CH4 is 
in between the selectivity of CO2 over N2 and CO2 over O2. This selectivity of CO2 from 
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different gas mixtures can be explained by the solubility difference between CO2 and the other 
gas molecule (O2, N2 and CH4). 
The water slab shown in Figure 3.1(a) has two interfaces – vapor/water free interface and the 
water/graphene interface. Once the gas molecules (mainly CO2) dissolve in water from the 
vapor/water interface and pass through the graphene pore to the inside region of the system, they 
hardly penetrate back to the water slab through the graphene nanopores. This asymmetrical 
structure of the water/graphene membrane is useful to induce one-directional flux of gas 
molecules.  
We evaluated the excess free energy of various gas molecules along the z-axis of the system 
using the Widom insertion method to understand the selectivity ratio of gas mixtures. In the 
Widom insertion method, after inserting a gas molecule at a random position in each 
configuration of the system, we compute exp (-βΔU), where U is the potential energy difference 
between the systems before and after adding a gas molecule, U = U(Ntot+Ngas)-U(Ntot), when 
Ngas=1. The excess chemical potential is an average over all the configurations, defined as ∆𝜇!" = −𝑘𝑇  𝑙𝑛 𝑉 𝑑𝑠!!!exp  (−𝛽∆𝑈)𝑉  
, where k is the Boltzmann constant, T is the temperature of the system, β = 1/kT, V is the 
volume of the system, and <…> indicates an average over all the configurations. 
The calculated excess chemical potential variation along the z-axis is shown in Figure 3.6(b) and 
the average chemical potential value of each gas molecule in the water slab region is shown in 
Table 3.3. The potential difference of various gas molecules in the water slab region is 
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reasonable and consistent with the solubility difference in the water. The chemical potential 
variation shows that solubility difference in the water slab drives the selectivity of CO2 from 
CO2/O2, CO2/N2 and CO2/CH4 mixtures. In particular, when the gas molecules are near the 
porous graphene, the chemical potential difference between CO2 and other gases becomes 
smaller but still the difference is maintained which can be regarded as a combined effect of water 
and porous graphene. 
To compare between CNT and porous graphene in gas separation, we performed gas separations 
using a carbon nanotube (CNT) and compared its performance with that of graphene. We 
considered a (13,0) CNT which has a diameter of 1.02 nm (this diameter is similar to the 
graphene nanopore size of 0.99 nm) and a length 3 nm. Other simulation conditions are identical 
to the graphene/water slab simulations. The system is again divided into inside and outside 
regions in CNT/water slab system and the CO2/O2 mixture is initially positioned in the outside 
region as shown in Figure 3.7(a). We count the number of CO2 molecules in both the regions to 
estimate the separation of CO2 through the water/CNT membrane system (see Figures 3.7(b) and 
(c)). As the CO2 molecules enter the CNT (at around t=10 ns), CO2 molecules begin to pass 
through the CNT and enter the inside region. The number of CO2 molecules in the CNT increase 
gradually until the CNT is completely filled with gas molecules. Once the CNT is completely 
filled at around t=18 ns, the instant flux of the CO2 molecules passing through the water/CNT 
membrane reduces from 2.5 to 1.3 ns-1. CO2 filling the CNT reduces the flux of the gas 
molecules. 
To understand this CO2 behavior, we calculate the interaction energy of various gas molecules 
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with graphene and CNT when the gas molecule is in the middle of the membrane. Though CO2 
interaction is stronger than O2, N2 or CH4 in both CNT and graphene structures, the interaction 
energy difference between CO2 and other gas molecules (O2, N2 and CH4) is larger in CNT than 
in the graphene pore as shown in Table 3.4. The strong interaction energy between CO2 and CNT 
makes the interior of the CNT a favorable place for CO2. Therefore, CO2 molecules are not able 
to escape easily until high density of CO2 in the CNT achieved. The strong interaction between 
CO2 and CNT was also reported in Refs [68, 69].  The selectivity ratio of CO2 over O2 in the 
CNT/water slab system is about 7.5 (before filling) and about 3.3 (after filling), which is lower 
than the selectivity ratio of about 9.5 obtained in the graphene/water slab system. These results 
indicate that water solubility-driven separation of gases can be observed even in the case of CNT 
pores, but the length of the pore effects the separation ratio and graphene, because of its single-
atom thickness, is ideally suited for water solubility-driven separation of gases. For the 
separation of other mixtures, CO2/CH4 and CO2/N2, we performed additional simulations and 
observed similar gas separation behavior.  
We investigated the equilibrium distribution and transport of gas-water mixtures near CNTs and 
graphene surface. In the CNT system, we observed adsorption of gases into the CNTs for the 
three CO2-water, O2-water and H2-water mixtures. The gas molecules formed single-file chains 
and once the nanotube is filled with single-file gas molecules they prevented entry of water into 
the nanotube. The single-file formation of gas molecules in the nanotube is observed in all the 
three cases of gas-water mixtures. However, the H2 of the gas-only cases does not show a single-
file chain because the number of H2 molecules in the CNT is not enough to form a single-file. 
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The study suggests that under equilibrium conditions in the presence of gases, water molecules 
will be blocked from CNTs, and gases from gas-water mixtures will be selectively adsorbed by 
CNTs. 
 
3.4 Conclusions 
Based on water effect on the behavior of gas molecules and promising properties of graphene 
and CNT, we have shown that a graphene membrane can be used efficiently to separate CO2 
from CO2/O2, CO2/N2 and CO2/CH4 mixtures. The separation ratio follows the water-solubility 
of gas molecules in the mixture. Even though carbon nanotubes have been shown to be fast 
transporters of gas and water molecules, we have shown that the graphene membrane, because of 
its single-atom thick, provides higher selectivity and faster transport of gas molecules compared 
to the carbon nanotube. 
 
	  
	  
46	  
 
By performing extensive molecular dynamics simulations, we
understand separation of gases. To investigate the merits of porous
graphene for gas separations, we also perform molecular simula-
tions using carbon nanotubes (CNT). Studies on CNT have shown
fast transport of water and gases through the tubes [25–27], so
comparison studies between porous graphene and CNT can provide
insights on the effect of the length of the pore on gas separations.
We envision that our work will lead to the use of porous graphene
as an efficient membrane for gas separations.
2. Methods
We performed molecular dynamics simulations to investigate
water solubility-driven separation of gases through a porous
graphene membrane. A snapshot of the CO2/O2 mixture and the
water slab separating the mixture and the porous graphene
membrane is shown in Fig. 1(a). The volume of the system
(3.9!3.8!14.0 nm3) is fixed throughout the simulation. The
gas mixture is initially positioned at both ends of the system.
During simulation, the gas molecules penetrate through the water
slab and the porous graphene membrane and enter into the
middle region, which is initially empty. The 0.99 nm diameter
graphene pore is shown in Fig. 1(b). The thickness of the water
slab is approximately 2.4 nm. The bond length of CO2, O2 and N2 is
maintained by the shake constraint scheme. The bond stretching
and angle bending of CH4 is controlled by the OPLS-AA force field
[28]. The non-bonded potential energy between molecules is
given by
Unonbond ¼ULJþUCoulomb ð1Þ
where
ULJ ¼
X
i,j
4E
sij
rij
! "12
& sij
rij
! "6" #
ð2Þ
UCoulomb ¼
X
i,j
qiqj
rij
ð3Þ
The Lennard–Jones (L–J) and Coulomb potential parameters for
the various gas molecules (CO2, O2, N2 and CH4) are taken from
[28–30]. We estimated the solubility of CO2 [29,31,32], O2
[30,33,34], N2 [29,30,33] and CH4 models [28,35] by the method
discussed in Ref. [36] using SPC/E water slab at 300 K. The models
used in this work for CO2, O2, N2 and CH4 show the closest
solubility of each gas in water to experimental data at 300 K. For
water, SPC/E model is used [37]. The porous graphene membranes
are positioned at z¼5 nm and z¼9 nm. The force-field para-
meters for the carbon atom of the graphene membrane are taken
from [38]. The L–J parameters between different molecules were
obtained by applying the Lorentz–Berthelot mixing rules,
sij ¼ ðsiiþsjjÞ=2 and Eij ¼ ﬃﬃﬃﬃﬃﬃﬃﬃﬃEiiEjjp . A cut-off distance of 1.2 nm is
used for the L–J potential. Electrostatic interactions were com-
puted by using the Particle Mesh Ewald method with a grid
spacing of 0.15 nm. Periodic boundary conditions are applied in
all the three directions. Time integration was performed by using
the leap-frog algorithm with a time step of 1.0 fs. The tempera-
ture of the system is maintained at 300 K by Nose´–Hoover
thermodynamics with a characteristic time of 0.1 ps [39]. Simula-
tions were performed using GROMACS 4.0.7 [40].
3. Results and discussion
3.1. Solubility of gases in water
Before presenting results on the separation of gases through
the porous graphene membrane, we discuss the solubility of the
various gases considered in this work (CO2, O2, N2 and CH4) in
bulk water at 300 K. The solubility results will not only explain
the separation properties, but also show the limitations, if any, of
the force-fields in accurately representing experimental solubility
data. We estimated the solubility of each gas using the method
discussed in [36]. We simulated the water slab system, as shown
in Fig. 2(a), with 98 gas molecules and 1600 water molecules at
300 K. Using the averaged value of gas concentration along the z-
axis, as shown in Fig. 2(b), we calculated gas concentration in the
water slab. Since the concentration of gas in water is proportional
to gas vapor pressure, we can compare the gas solubility by
calculating the Henry’s constant (pressure unit) as shown in
Table 1. The gas vapor pressure is calculated by van der Waals
equation and Henry’s constant is calculated based on Henry’s law
hH ¼ p=x , where p is the pressure of gas in the vapor region and x
is the mole fraction of gas in the water slab. If the gas molecule
has a smaller Henry’s constant, then it has a higher solubility. We
note that CO2 has higher solubility compared to that of O2, N2 and
CH4. The solubility of O2 is about two times bigger than that of N2
and the solubility of CH4 is between that of O2 and N2. Even
though there is some discrepancy between experimental solubi-
lities and our estimated values, the ratios of various gas solubi-
lities are reasonable compared to the experimental values and we
will use this to explain gas separations.
3.2. Separation of gas mixtures
As shown in Fig. 1(a), the computational domain for gas
separations is divided into inside and outside regions. The
separation of gas molecules is identified by the number of the
gas molecules in the inside and outside regions as a function of
the simulation time. Initially, the gas mixtures are positioned in
the outside region, next to the water slab. The gas molecules
diffuse through the water slab and through the porous graphene
membrane to the inside region. To demonstrate the significance
Fig. 1. (a) Snapshot of the system (CO2/O2 separation though water/graphene membrane). (b) Porous graphene membrane.
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FIGURE 3.1. (a) Snapshot of the system (CO2/O2 separation though water/graphene membrane). (b) 
porous graphene membrane. 
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FIGURE 3.2. (a) Snapshot of the system for solubility calculation. (b) Water and gas concentrations of 
the system along the z-axis. 
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FIGURE 3.3. Gas separation of CO2/O2 mixture: (a) number of CO2/O2 in inside and outside through 
the 0.99 nm graphene pore with water; (b) number of CO2/O2 in inside and outside through 
water/graphene membrane. 
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FIGURE 3.4. Gas separation of CO2/N2 mixture: (a) number of CO2/N2 in inside and outside through 
the 0.99 nm graphene pore with water; (b) number of CO2/N2 in inside and outside through 
water/graphene membrane. 
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FIGURE 3.5. Gas separation of CO2/CH4 mixture: (a) number of CO2/CH4 in inside and outside 
through the 0.99 nm graphene pore with water; (b) number of CO2/CH4 in inside and outside through 
water/graphene membrane. 
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FIGURE 3.6. (a) System (water slab and porous graphene) for calculation of excess chemical 
potential. (b) Excess chemical potential of CO2, O2, N2 and CH4 along z-axiz. 
	  
	  
	  
52	  
 
FIGURE 3.7. Gas separation of CO2/O2 mixture through water/CNT membrane: (a) snapshot of 
the system; (b) number of CO2/O2 in inside and outside regions; (c) number of CO2/O2 molecules 
in the CNT. 
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FIGURE 3.8. Configuration for calculation of the interaction energy between a gas molecule and 
CNT/graphene: (a) configuration of CO2 in a (13,0) CNT; (b) configuration of CO2 in the 
graphene pore. 
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TABLE 3.1. Solubility and Henry’s constant of CO2, O2, N2 and CH4. 
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  We also increased the thickness of the water slab from 2.4 nm
to 4.2 nm to investigate the effect of water thickness on selectiv-
ity. We repeated the simulation of CO2/O2 mixture using 4.2 nm
water/graphene membrane system. The number of gas molecules
in different regions of the system is shown in Fig. 6(b). The flux of
both CO2 and O2 molecules is smaller than in the 2.4 nm water
slab case; the flux of CO2 molecules is about 2.7 ns
!1 and the flux
of O2 molecules is about 0.21 ns
!1. The increased water slab
thickness suppresses the flux of O2 more than the flux of CO2
which gives a higher selectivity of about 12.8 compared to 9.5 in
the 2.4 nm water/graphene case. As the gas molecules do not
penetrate through the thicker water slab easily compared to the
thinner water slab and the concentration ratio in water is decided
by the solubility, the gas flux through the thicker water slab
approaches the solubility ratio between CO2 and O2 of 28.7.
During the simulations, no water molecules passed through the
graphene pore. This can be explained by the strong interaction
between water molecules, which is represented by the hydrogen
bonding network. The strong water–water interaction and the
relatively smaller interaction with graphene makes the penetration
of water molecules through the nonpolar graphene pore difficult
[41,42]. However, there is still a chance of water evaporating slowly
from the system and water loss could be compensated by a refilling
process through the x, y-directions. To prevent evaporation of the
water slab in the water/graphene membrane, another membrane can
be used at the free surface of the water slab. For example, a graphene
membrane with a larger pore can be used. As shown in Fig. 7,
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Fig. 4. Gas separation of CO2/N2 mixture: (a) number of CO2/N2 in inside and outside through the 0.99 nm graphene pore without water; (b) number of CO2/N2 in inside
and outside through water/graphene membrane.
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Fig. 5. Gas separation of CO2/CH4 mixture: (a) number of CO2/CH4 in inside and outside through the 0.99 nm graphene pore without water; (b) number of CO2/CH4 in
inside and outside through water/graphene membrane.
Table 2
Separation of CO2 from different gas mixtures with water/graphene membrane.
Gas mixture CO2 flux
(# of molecules/ns)
Other gas flux
(# of molecules/ns)
Selectivity
CO2/O2 4.170.3 0.4370.04 9.570.7
CO2/N2 3.370.5 0.2370.06 14.471.4
CO2/CH4 4.170.5 0.3570.12 9.970.7
J. Lee, N.R. Aluru / Journal of Membrane Science 428 (2013) 546–553 549
TABLE 3.2. Separation of CO2 from different gas mixtures with water/graphene membrane. 
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TABLE 3.3. Excess chemical potential of CO2, O2, N2 and CH4 in the water membrane 
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TABLE 3.4. Interaction energy between a gas molecule and CNT/graphene 
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Chapter 4 Gas separation using a porous 
graphene/IL membrane contactor  
	  
	  
	  
4.1 Introduction 
 
Separation of CO2 from the flue gas is an important step towards reducing the global emissions 
of CO2. Many processes such as absorption, adsorption and membrane technology have been 
used to remove CO2. Several methods taking advantage of both the absorption and the membrane 
technologies have been proposed. One of these methods is membrane contactor in which 
absorption liquid distinguished by membrane from the feed gas region. The gas separation 
process in membrane contactor happens through selective diffusion of gas species into 
absorption liquid region. Membrane contactors also have an advantage to replace the wasted 
absorption liquid, containing CO2, with pristine liquids quickly by using a circulation process. 
The membrane in membrane contactor acts as an interface between gas phase and liquid phase. 
In this chapter, we developed the idea for a new gas separation procedure using porous graphene 
and ionic liquid based on membrane contactor concept.  
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Ionic liquids (ILs) are ions in the liquid phase at the room temperature. Their melting 
temperature decreases below the room temperature because organic cations in ILs prevent 
packing of ions. Although they are in the liquid phase, strong coulombic force between cations 
and anions in ILs makes them highly stable in chemical processes. They are good candidates to 
replace water as a chemical solvent because of the stability. ILs are also appropriate in 
electrolyte devices due to the negligible vapor pressure. Many ILs with different cations and 
anions have been synthesized in order to control the IL properties such as melting point, 
viscosity and hydrophobicity, etc.[70, 71] Another attractive application of the ILs is CO2 
separation[46]. CO2 has been shown to be high soluble in imidazolium-based ILs[72, 73]. CO2 
high solubility in ILs has been investigated for a decade since it attracted many attentions. Based 
on high CO2 solubility in the ILs, they have been using as absorption liquids in the gas separation 
devices. Although there are various devices and configurations for gas separation using 
absorption liquids, one of the effective systems is a membrane contactor, which is considered in 
this chapter[51-53]. 
For the membrane dividing the feed gas region and the liquid phase region in the membrane 
contactor, we used porous graphene. Graphene, as a promising material, have carbon planar 
sheet in a hexagonal lattice without holes[40]. Chemical or thermal treatments are able to 
generate pores on graphene. Since it is one-atom layer structure, it is able to amplify the 
selectivity of the IL as an absorption liquid[61, 74]. 
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In this chapter, we investigated the CO2 separation from CO2/O2 mixture in the porous 
graphene/IL membrane contactor by using molecular dynamics simulations. The separation is 
based on the structural and dynamical properties of an ionic liquid (IL) confined in two porous 
graphene walls. Fluids in nanoscale confinements show anomalous behaviors like melting point 
decrease, boiling point increase and the critical point shift[75-78]. Although the fundamental 
aspects of nanoscale ILs have remained unrevealed, the concept of graphene/ILs membrane 
should be applicable to various nanoscale devices. Thus, we analyzed how IL behavior between 
porous graphene slits influences the gas separation under different size of pores and IL loadings 
in the slits. 
 
 
 
4.2 Methods 
 
We performed non-equilibrium molecular dynamics simulations of CO2/O2 mixture separation 
through the porous graphene/IL system. In order to mimic a membrane contactor, we set up the 
system with the feed gas region in the middle of the system and the liquid phase region in the 
both ends. The porous graphenes are positioned at the interfaces between the feed gas and the 
liquid regions (fixed at z = 3 nm and z = 8 nm). The periodic boundary condition is applied at the 
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xyz directions. The liquid phase region is filled with 240 Bmim+  PF6-) ionic liquid pairs. The 
volume of the liquid phase region, or the z direction length of the system, is decided by the NPT 
ensemble simulation with 300 K temperature and 1 bar pressure. Non-porous graphene sheets are 
used for this NPT simulation and they are fixed at the same positions of the porous graphenes. 
The density of the IL in the bulk region between non-porous graphenes, 1.36 g/cm3, corresponds 
the proper IL density at 300 K. Thus, the thickness of the IL region is approximately 6 nm and 
the overall z-direction length of the system is about 11 nm. The system size is fixed over all the 
non-equilibrium molecular dynamics (NEMD) simulations for CO2 separation (NVT ensemble). 
We used the different number of IL pairs in the absorption liquid region later to investigate the 
relation between IL loading and CO2 separation. CO2/O2 mixed gas molecules are initially 
positioned in the middle of the feed gas region. One of the 0.99 nm and 2.22 nm diameter 
graphene pores is used on the porous graphenes. During simulation, the gas molecules penetrate 
through the porous graphene and diffuse into the ionic liquid region. A snap shot of the 
simulation in graphene/IL membrane contactor and the porous graphene membranes are shown 
in Figure 4.1. 
 
Bmim+ PF6-) is a popular ionic liquid and its potential parameters have been developed and 
evaluated well[79-82]. The force field parameters of Bmim+ PF6-) used in this paper was 
developed by the Lopes[81, 82] based on OPLS-AA framework[64]. We used the flexible model 
for PF6-) as well as Bmim+ , which is different from Ref [81]. The structure parameters for the 
flexible model are from the OPLS-AA force field. The summation of stretching, bending and 
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torsional terms represents the intramolecular potential energy of both the anion and cation. The 
van der Waals repulsive and attractive terms are described by the Lennard-Jones (L-J) 6-12 
potential and the coulombic interactions are by the point charges on the atomic sites. These L-J 
potential and electrostatic charge interactions are applied between atomic sites separated by three 
more bonds within the same molecule or intermolecular interaction. The 1-4 interaction between 
atoms separated three bonds within the molecule is scaled by 0.5 of L-J and electrostatic 
potential. The force field used here is a non-polarizable model. After implementing the 
parameters on the IL, we computed the diffusion coefficient (Dcation = 8.52 × 10-8 cm2/s and 
Danion = 6.92 × 10-8 cm2/s) and bulk density (ρ = 1.36 g/cm3) of Bmim+ PF6-). These values are 
reasonably matched with experiment data[83, 84]. Recently, the underestimated dynamics of 
non-polarizable model for ILs has been reported[85] but the suppression of the dynamics is not 
observed for the force field and simulation conditions used here. 
The L-J 6-12 and electrostatic potential parameters for the gas molecules (CO2 and O2) are 
carefully taken from a couple of references[37, 63]. The bond length of CO2 and O2 is 
maintained by the LINCS constraint scheme. The L-J parameters for the carbon atom of the 
graphene membrane are driven by Chen at el.[15] The Lennard-Jones parameters between 
different molecules were obtained by applying the Lorentz-Berthelot mixing rules. A cut-off 
distance of 1.4 nm is used for the L-J potential. Electrostatic interactions were computed by 
using the Particle Mesh Ewald method with a grid spacing of 0.15 nm. Time integration was 
performed by using the leap-frog algorithm with a time step of 1.0 fs. The temperature of the 
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system is maintained at 300 K by Nosé-Hoover thermostat with characteristic time of 0.1 ps[17]. 
Simulations were performed using GROMACS 4.5.3 [67]. 
 
 
4.3 Results and Discussion 
 
We observed that CO2 molecules are separated from CO2/O2 mixture in the feed gas region of 
the system and selectively absorbed into ionic liquid through the graphene pores. We 
investigated the CO2 separation for three different IL loadings in the porous graphene slit and 
two different size of graphene pores as shown in Figures 4.1(b)(c). In order to quantify the CO2 
separation, we distinguished gas molecules according to two separated regions, the feed gas 
region in the middle and the ionic liquid region in the both ends of the system, and checked the 
number of each gas molecules as time passed. These two regions are divided by the graphene 
with 0.99 nm or 2.22 nm diameter pores. 
For the initial IL loading (240 pairs) and the 0.99 nm diameter graphene pore case, CO2 
separation is observed for 40 ns as shown in Figure 4.2(a). CO2 absorption is very slow but O2 is 
prohibited from entering to the IL region. When the IL loading between the slits is reduced by 
about 4% from the initial amount, CO2 separation happened more quickly and higher CO2 flux is 
observed (see Figure 4.2(b)). Although the number of O2 in the IL region of the plot fluctuates 
and is above zero, O2 molecules do not penetrate through the graphene pore completely and 
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occupy in the IL region for a long time. When we looked into the behavior of O2 molecules 
penetrating through the graphene pore, their positions were restricted near the graphene pore and 
they returned to the vapor phase region as shown in Figure 4.4. As we reduced the IL loading by 
8% from the initial loading, then O2 blockage at the graphene pore seems disappeared. 
Absorption of O2 and CO2 into IL happened at the same time. We were still able to observe the 
difference of the CO2 and O2 absorption molecules in the ionic liquid as shown in Figure 4.4(c). 
However, the selectivity became smaller comparing with the value achieved in the initial and 4% 
reduction IL loading cases. 
In case of the 2.22 nm graphene pore, bigger size allows the gas molecules to penetrate through 
the pore simultaneously. This simultaneous and multiple penetration is shown as the drastic 
fluctuation of the number of gas molecules in the plots (see Figure 4.3). The CO2 and O2 
molecular number difference in the IL region with respect to the IL loading is similar with the 
0.9 nm diameter pore cases. However, the O2 blockage observed in the 0.9 nm diameter case is 
not observed in 2.22nm case as shown in Figures 4.3(a)(b)(c). The bigger pore size increases 
possibility for both CO2 and O2 to be dissolved in IL. This makes the CO2 selectivity reduced 
clearly in initial IL loading and 4% IL loading reduction cases. In the 8% IL loading reduction 
case, the effect of pore size difference is not significant. 
We investigated the structural difference by calculating the density distribution of IL in the 
porous graphene slits in order to explain the selectivity change according to IL loading and the 
pore diameter. We plotted the anion, cation and total density distribution of IL as the distance 
from non-porous graphene surface as a reference (shown in Figure 4.5) . The multiple peaks of 
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anion and the first high peak of cation near the surface are consistent with the results reported. 
When we have the pores on the graphene sheet, the density distribution of IL should be changed. 
In order to look at the effect of the pore on graphene, we estimate the density of IL along z-
direction in two separated regions of the IL region. Region 1 is the cylindrical region, which can 
be made by extending the pore shape into the liquid region. Region 2 is the remained region 
when the previous cylindrical region is subtracted from the overall IL region. 
In the 0.99 nm pore and initial IL loading case, we showed that the density in the region 1 is 
neither simply reduced to the bulk value nor the same as the reference density distribution. Its 
density fluctuation in the first and second peaks is higher than the bulk density fluctuation as 
shown in Figure 4.6(a). This IL density fluctuation in the region 1 forms the barrier together with 
the layering in the region 2 and this structure makes gas molecules hard to penetrate into the IL. 
We confirmed this structure by plotting 2-D density contour plot of IL at z and radial direction 
with respect to the center of the pores (see Figure 4.7(a)). 
As the IL loading in the graphene slit decreases, this fluctuation of IL density in the region 1 is 
also reduced. 4% reduction of the IL loading does not influence on the first two peaks from the 
graphene, but it makes other layers more flat. However, 8% reduction makes the barrier behind 
the pore decrease. The density of the region 2 maintains its distribution while the IL loading 
changes in the system (Figure 4.6(b)). In the respect of the gas separation behavior, decreasing 
the IL loading allows CO2 molecules to penetrate more easily and find available locations in IL. 
For O2 molecules, the first two peaks of IL distribution in the region 1 prevents O2 molecule 
from penetrating through graphene pore. 
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In the 2.22 nm diameter pore cases, the barrier we observed in the smaller pore cases does not 
exist in the IL density distribution as shown in Figure 4.6(c) and Figure 4.6(b). In the initial 
loading case, we observed the first peak but the second peak does not show strong layering. As 
the loading is decreased by 4% and 8%, the first peak is reduced and it value becomes smaller 
than the bulk density in the 8% reduction case. 
In order to understand the selectivity preference of CO2/O2 molecules in graphene/IL membrane 
contactors, we evaluated the excess free energy of gas molecules along the z-axis of the system 
by using the configuration without gas molecules. The calculation is based on the Widom 
insertion method[41]. 
First, we performed the simulations with the same conditions of the current graphene/IL systems 
only excluding the gas molecules. Using the configurations generated by the above simulations, 
we inserted a gas molecule at a random position in each configuration of the system and 
computed potential. The computed excess chemical potential variation along the z-axis is shown 
in Figure 4.8(a) for the 0.99 nm graphene pore case and Figure 4.8(b) for the 2.22 nm graphene 
pore case. As decreasing the IL loading between the porous graphene, the excess potentials of 
CO2 and O2 molecules in the bulk IL region are continuously decreasing. However, the potential 
difference between CO2 and O2 in the bulk region is maintained not dependent on the IL loading 
change. This is consistent with the solubility difference of CO2/O2 in the bulk ionic liquid. 
We found the different behavior of the excess chemical potential near the interface region 
between 0.99 nm pore cases and 2.22 nm pore cases. In the 0.99 nm pore case, the excess 
chemical potential fluctuates high near the porous graphene and this fluctuation is decreasing 
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with the reduction of pore loading. In 2.22 nm pore case, even with high pore loading, the 
potential fluctuation at the interface is not much as 0.99 nm case. 
Transient clustering and void formation in liquid is known to be related to the possibility of 
dissolving the solvent in the liquid[86, 87]. Different from investigating the density distribution 
of IL, studying void formation shows the insight of the available positions of gas molecules and 
solvation property directly. Thus, it is important to quantify the size of cavities in the liquid for 
different IL loadings and pore diameters. Huang et al. reported the void distribution change by 
introducing CO2 molecules in IL is very small and CO2 molecules in IL occupy in the void 
formed from rearrangement of IL molecules[88]. 
The void size probability can be obtained by selecting random positions in the system and 
calculating the size of void between the atoms positioned. We used the configurations without 
gas molecules, which is from the simulations for the previous excess chemical calculation. To 
estimate the void distribution in IL, we select 100 random points per each configuration and 
define the void size for each location by calculating the smallest distance from each point to all 
atoms in the ionic liquid. Using this result, the probability distribution of the cavity is computed. 
We focused on the cylindrical region in the IL region near the pore whose interior is defined by 
the pore and its length starts at 0.3 nm and finishes at 1.45 nm from the graphene surface. This 
region is directly related to the penetration of CO2 and O2 molecules through the graphene pore. 
As shown in Figure 4.9, the probability distribution is changed with the reduction of the IL 
loading in the graphene slits and the size of the graphene pore. The decrease of the IL loading 
increases the chance to form larger vacancy in the ionic liquid near the graphene pore. This 
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property is shown in the both pore cases consistently. In the respect of the size of the graphene 
pore, the larger pore diameter allows bigger cavity formation in the ionic liquid. 
According to the result Huang et al. reported Ref. [88], CO2 molecules in the IL do not need 
enough big void comparable to the size of a CO2 molecule. The reason is that CO2 have strong 
interaction with the anion of IL and it induces rearrangement of IL to allow CO2 to find proper 
location relative to IL molecules. On the other hand, O2 molecules do not have strong interaction 
with IL and dissolving in the ionic liquid strongly depends on the instant void formation and the 
weak L-J interaction with IL. This is related to the fact that the small difference of void 
formation induces CO2 solvation strongly and O2 solvation in IL is only caused by drastic change 
of void probability distribution as shown in Figure 4.9. 
 
4.4 Conclusions 
 
We observed the CO2 separation behavior with the porous graphene/IL membrane contactor. The 
0.99 nm diameter graphene pore and 4% reduction of the initial IL density drive dramatic 
selectivity of CO2 separation. By calculating the density distribution, we showed that the 0.99 
nm diameter graphene pore induces strong layering even near the pore, which is not observed in 
2.22 nm diameter pore cases. This strong layering prevents O2 molecules from diffusing into the 
IL. It also decrease the flux of CO2 molecules passing through the pores but complete blocking 
does not happen to CO2 molecules. Void analysis for different pores and different IL loadings 
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shows that O2 solvation needs enough size of void and CO2 need smaller size of void comparable 
to their molecular sizes. 0.99 nm graphene pore and 4% reduction of the initial IL density gives 
enough size void for CO2 and not enough for O2, which provides ideal condition to CO2 and O2 
separation. 
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FIGURE 4.1. System of CO2/O2 separation with graphene/IL membrane contactor (a) Snapshot of 
the system; red/blue-CO2, green-O2, orange-graphite and multiple bond structure-{Bmim+]PF6-). 
(b) 0.99 nm diameter graphene pore and (c) 2.22 nm diameter graphene pore. 
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FIGURE 4.2. Number of CO2/O2 in the feed gad and the IL regions with 0.99 nm diameter 
graphene pore and different IL fillings; (a) 240 pairs, (b) 4% reduction and (c) 8% reduction. 
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FIGURE 4.3. Number of CO2/O2 in the feed gad and the IL regions with 2.22 nm diameter 
graphene pore and different IL fillings; (a) 240 pairs, (b) 4% reduction and (c) 8% reduction. 
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Figure 3: Snapshots of CO2/O2 separation with 0.99 nm graphene and 4% reduced ILs loading (
red/blue line-CO2, green-O2, orange-graphene and small dots-[Bmim+][PF6-] ); (a) t = 39.2 ns,
(b) t = 39.8 ns, and (c) t = 40.4 ns.
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FIGURE 4.4. Snapshots of CO2/O2 separation with 0.99 nm graphene and 4% reduced ILs 
loading (red/blue line-CO2, green-O2, orange-graphene and small dots-Bmim+ PF6-) ); (a) t = 
39.2 ns, (b) t = 39.8 ns, and (c) t = 40.4 ns. 
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Figure 5: Density distribution of IL along the z-axis with non-porous graphene.
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FIGURE 4.5. Density distributio  of IL along the z-axis with non-porous graphene 
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Figure 6: Density distribution of IL in different regions along the z-axis with different IL loadings;
(a) Region 1 and (b) Region 2 for 0.99 nm graphene pore, (c) Region 1 and (d) Region 2 for 2.22
nm graphene pore.
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FIGURE 4.6. Density distribution of IL in different regions along the z-axis with different IL 
loadings; (a) Region 1 and (b) Region 2 for 0.99 nm graphene pore, (c) Region 1 and (d) Region 
2 for 2.22 nm graphene pore.  
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Figure 7: 2-D contour density plot with the initial IL loading; (a) 0.99 nm graphene pore and (b)
2.22 nm graphene pore.
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FIGURE 4.7 2-D contour density plot with the initial IL loading; (a) 0.99 nm graphene pore and 
(b) 2.22 nm graphene pore. 
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Figure 8: (a) Excess chemical potential of CO2 and O2 along the z-axis with 0.99 nm graphene
pore. (b) Excess chemical potential of CO2 and O2 along the z-axis with 2.22 nm graphene pore.
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FIGURE 4.8. (a) Excess chemical potential of CO2 and O2 along the z-axis with 0.99 nm 
graphene pore. (b) Excess chemical potential of CO2 and O2 along the z-axis with 2.22 nm 
graphene pore. 
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Figure 9: Cavity probability distribution in IL near the graphene pore; (a) with 0.99 nm graphene
pore and (b) with 2.22 nm graphene pore.
22
FIGURE 4.9. Cavity probability distribution in IL near the graphene pore; (a) with 0.99 nm 
graphene pore and (b) with 2.22 nm g aphene pore. 
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Chapter 5 Future of liquid membrane 
usage for gas separation 
 
 
 
 
5.1 Introduction 
 
We discussed and provided new combinations of carbon-based membranes and absorption liquid 
materials for supported liquid membranes and membrane contactors in the previous chapters. 
These two methods can be distinguished by phase change as we show in Figure 5.1 and Figure 
5.2. Supported liquid membrane is a gas separation method between two gas phase regions. On 
the other hand, membrane contactor is a process between gas phase region (feed gas, retentate) 
and liquid phase region (absorption liquid). In spite of all the advantages of the methods and the 
advances performed in the recent years, there is still a large gap between the lab-researches and 
the industrial applications. The main limitation is that these procedures are not practical in the 
economic point of view. Its practical stability is low compared to its cost. Membranes based on 
microporous materials also have their scale-up impracticalities. It is necessary to evaluate their 
performance preciously whether low stability membranes could be competitive because of its 
high efficiency. This is not straightforward because costs related to membrane manufacture are 
difficult to estimate, which complicates the direct comparison of the cost of membrane processes 
with other technologies. Beside the economical issue, another problem is that the effect of 
common gases such as H2S, SO2, NH4, water, ashes, etc. on the processes has not been studied in 
detail. These components in feed gases create uncertainty about the applicability of those systems 
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in the industry. The last intrinsic limitation of the processes is the trade-off between permeability 
and selectivity in the design of membranes for gas separation. This limitation has been appeared 
mainly in the process with polymer membranes. In order to dissolve all the issues, efforts have 
focused on the development of new membranes that enhance the process efficiency. We will 
discuss further about these methods and suggest the future candidates of materials for the 
supported liquid membranes and membrane contactor in this chapter. 
 
 
5.2 Membrane materials  
 
Over the past decades, significant progress has been made in molecular sieving materials such as 
zeolites, silica, metal organic frameworks (MOFs) and carbon-based membranes. However, it is 
often difficult to process these materials into membranes and functionalize the micropores as we 
mentioned. Furthermore, it has limited their gas-separation properties and further hindered the 
development of this field. Due to the ease of processing and cost competitiveness, polymeric 
membranes have been widely used in both research and industrial applications for gas separation.  
Polymer membranes provide an energy-efficient method of gas separation because they do not 
require thermal regeneration, a phase change or active moving parts in their operation; therefore, 
they are expected to play a growing role in an energy-constrained and low-carbon dioxide future. 
However, polymers suffer from a well-defined trade-off between the desirable properties of 
permeability and selectivity for the required gas component.  
Most commercial gas-separation membranes are based on a few polymers with low permeability 
and high selectivity; therefore, large membrane areas are required to compensate for lack of 
permeance, which increases costs and space requirements for large-scale applications. 
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Unfortunately, highly permeable microporous polymers demonstrate insufficient selectivity for 
practical applications because, unlike classical molecular sieves such as zeolites, they possess ill-
defined voids that because of chain flexibility fluctuate in size and so have limited size-selectivity. 
However, microporous polymers have the great advantage over classical inorganic molecular 
sieve materials of being easily processed into membranes (such as thin coatings or hollow fibers). 
Therefore, it is an important challenge to develop microporous polymers that behave as efficient 
molecular sieves so that they can provide both the permeability and selectivity to support large-
scale gas separations. Recently developed polymer membranes have outstanding molecular and 
ionic transport and separation performance that surpasses the limits of conventional polymers[89-
91]. 
  
5.2.1	  Microporous	  organic	  polymers	  	  
 
Microporous organic polymers (MOPs) are of great interest because they combine the ability of 
polymers with porous materials having high surface areas comparable to typical microporous 
solids such as zeolites and activated carbons[92]. MOPs are of potential technological 
significance for gas storage, gas separation and low-dielectric applications. Among many 
approaches for obtaining such materials, solution-processable MOPs derived from rigid and 
contorted macromolecular structures are promising because of their excellent mass transport and 
mass exchange capability. MOPs can be classified either as amorphous polymers (for example, 
hyper-crosslinked polymers (HCPs)[93] and polymers of intrinsic microporosity (PIMs))[90] or 
as crystalline polymers (for example, covalent organic frameworks (COFs)) as shown in Figure 
5.3. Polymers of intrinsic microporosity (PIMs) have attracted keen interest because they exhibit 
relatively slow physical ageing, good solubility, high gas permeability, as well as high selectivity. 
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Hypercross-linked polymers (HCPs) represent a new class of porous materials that are prepared 
mainly by a Friedel-Crafts alkylation reaction[93]. The permanent porosity in hypercross-linked 
polymers is a result of extensive cross-linking reactions, which prevent the polymer chains from 
collapsing into a dense, non-porous state. 
  
 
5.3 Absorption liquids in SLMs and MCs with 
polymer membranes 
 
An ionic liquid (IL) showing high CO2 solubility is used as a selective medium or polymer matrix 
additive[94]. The properties of ILs were used for the transition from traditional liquid membranes 
to new membranes that are more stable owing to the low vapor pressure of ILs: supported ionic 
liquid membranes (SILMs)[95]. 
These membranes are prepared through impregnation of porous (microfiltration, ultrafiltration, 
reverse osmosis, etc.) polymeric membranes with ILs. The majority of studies devoted to the use 
of ILs in SILMs deal with salts based on the imidazolium cation. Poly(ester sulfone); 
poly(vinylidene fluoride); the copolymer of vinylidene fluoride and hexafluoropropylene; 
polymer analogs of ionic liquids (PILs); and linear block copolymers of polyamide and 
poly(ethylene oxide) were used as polymer matrixes.  
Because gas separation membranes operate under a pressure gradient, the main problem 
encountered in the use of SILMs is the instability of transport characteristics with time because of 
the so called “sweating” of ILs from membrane pores, that is, the replacement of salts with gases 
on the membrane surface. Another problem arising, for example, during the impregnation of films 
of copolymers of vinylidene fluoride and vinylidene fluoride or PILs with ILs is swelling of the 
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polymer in liquid salts and, as a result, obtainment of so gel membranes with low mechanical 
characteristics.  
The disadvantages of SILMs may be overcome by the design of new membrane materials based 
on ILs and network polymers as we mentioned previously. It was suggested that, depending on 
the degree of crosslinking and the nature of the crosslinking agent, this approach is able to make 
it possible not only to improve the strength and elasticity of films but also to substantially reduce 
the “sweating” effect owing to the better retention of ILs in the crosslinked polymer matrix than 
that in linear polymers. 
 
 
5.3.1	  PILs	   	  
 
Room-temperature ionic liquids (RTILs) with polymerizable groups can be readily converted into 
solid, dense poly(RTILs) for use as gas separation membranes[96, 97]. A series of RTIL 
monomers with varying length n-alkyl substituents were synthesized and converted into polymer 
films.  
  
 
 
5.4 Conclusions 
 
We investigated the recent development of polymer membranes and their usage in liquid 
membranes methods with Ionic Liquids. The recently developed microporous polymer 
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membranes we indicated have excellent properties for gas separation compared to conventional 
polymer membrane materials. Thus, we suggested that the combination of microporous polymer 
and Ionic Liquids could be one of the best ways to overcome the limitations of supported liquid 
membranes and membrane contactors. 
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FIGURE 5.1. Schematic mechanism of supported liquid membranes 
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FIGURE 5.2. Schematic mechanism of membrane contactors 
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FIGURE 5.3. Categorization of MOPs 
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